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Magnetic particles have been widely implemented across research areas in liquid and
biological environments, such as cancer therapy, drug delivery and cell sorting. Per-
pendicularly magnetised (PM) synthetic antiferromagnetic (SAF) particles exhibit a
range of desirable properties that make them strong candidates for applications in fluid.
These include a zero remanence state, sharp and tunable switching, and a high and
variable saturation magnetisation.
This thesis will first continue to explore the flexibility of the SAF particle design.
Through engineering of the SAF thin film, the basis of the particles, this work demon-
strates the ability to tune the SAFs towards a suite of applications. In addition, a
novel take on the fabrication of thin film based magnetic nanoparticles is presented.
This method is capable of efficient and effective production of particularly high yields
of well-defined nanodiscs with robust magnetic properties.
The magnetic behaviour of the PM SAF particles, and the thin films they are cre-
ated from, is analysed with particular focus on the characteristics displayed in a fluidic
environment. This leads to the discovery of novel magneto-mechanical transitions of
SAF particles in liquid and continues to demonstrate the applicability of SAFs across
a spectrum of applications.
Application of the PM SAF particles is examined in the context of cancer therapy.
Previous studies into SAFs in cancer therapy utilised them in the magneto-mechanical
destruction of tumour cells. Leading on from this work, the concept of integrating SAF
microdiscs with iron oxide nanoparticles (IONPs) in a ‘magnetic combination therapy’
is explored. This preliminary study reveals interesting inter-particle interactions be-
tween the SAFs and IONPs and shows the potential for a synergistic effect in the
combined therapy.
This work provides a robust toolbox for the fabrication of tailored nanodiscs for
use in a range of fluidic and biological applications.
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Chapter 1
Introduction
1.1 Magnetic particles in biological applications
Simple superparamagnetic, paramagnetic and ferromagnetic nanoparticles have been
employed across a diverse array of applications in the field of biology [47, 48]. These
types of particle are fabricated via colloidal chemistry, or the dispersion of powders
or flakes derived from macroscopic materials [21], which offer controllable sizing and
scalability for commercialisation. Their relatively simple magnetic states give rise to a
selection of particle properties that have been exploited by a spectrum of applications,
including zero remanence states and tunable moments. One branch of research makes
use of the inherent ability of the particles to respond to an external magnetic field, in
technologies such as cell separation, bio-molecule isolation and purification [23, 37, 46,
47, 51]. These particles have also been employed in medical imaging, primarily with
superparamagnetic iron oxide nanoparticles (SPIONs) as magnetic resonance imaging
contrast agents [45], but also more recently in the novel modality of magnetic particle
imaging [17], where the direct mapping of magnetic material is used to generate images.
SPIONs are also well-established in the field of cancer therapy, as agents in magnetic
hyperthermia [50], where the cytotoxic heating of cells is induced via the heating of
the particles under the application of high frequency AC magnetic fields. Another
branch of research into the use of magnetic particles in biological applications exploits
the ability to magnetically actuate the particles and hereby apply forces to soft matter
systems. This property is employed in a range of techniques, for the manipulation
of cells and other biological molecules, in areas including tissue engineering and drug
delivery [13, 48].
1.1.1 Remote control of soft matter systems
Magnetic particles offer a powerful tool to remotely control and manipulate specific
components of a soft matter system, through the application of external magnetic
fields. Additionally, the coupling of the field to the particles is possible regardless
of intervening structures (e.g. biological tissue), which is a distinct advantage for in
vivo applications. Nanomagnetic actuation offers particularly high levels of precision:
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by coupling magnetic nanoparticles with functional molecules (e.g. antibodies) it is
possible to target, manipulate and activate individual ion channels or surface receptors
on specific cells [13]. This method is also capable of exerting higher torques than other
strategies [16], with simple tunablility through the strength of the applied field. These
characteristics lend the concept to a suite of different applications across biomedical
and biotechnology research areas: from the investigation of cellular functions, to soft
robotic devices, to the development of novel medical treatments.
The work in this field was pioneered by investigations into the rheological properties
of cellular cytoplasm under an applied stress [12, 22, 55]. Later on, research was
expanded into the concept of magnetic ‘twisting’ [57–59], employing magnetic particles
to exert torques, which launched the exciting prospect of noninvasive probing of cellular
activity and mechanics. Since then, this concept has been developed such that it has
been possible to bind magnetic particles to individual integrin receptors on the cellular
membrane and quantify the mechanical properties of the cytoskeleton [42, 65, 66] (see
Figure 1.1(a)).
Progress in magnetic actuation methods has lead to a series of alternative meth-
ods, which employ high-gradient magnetic fields that lead to the exertion of transla-
tional forces rather than torques. One example of this is the indirect activation of
mechanosensitive ion channels [3, 4, 18, 19, 52] (see Figure 1.1(b)). This was achieved
again through the attachment of magnetic particles to membrane receptors. The ap-
plication of a high-gradient magnetic field then induces a deformation of the cell mem-
brane, which activates nearby stretch-gated ion channels. The possibility of directly
activating specific ion channels has also been shown using a similar methodology (see
Figure 1.1(c)). Here, a magnetic particle (generally sub micron sized) must make a
direct attachment with the ion channel itself, which is achieved via an appropriate
antibody. That ion channel can then be activated by applying a magnetic force to the
particle [27]. The third high-gradient field method of magnetic actuation requires the
use of smaller magnetic particles, which can be attached to receptor complexes in the
cell membrane (see Figure 1.1(d)). It is then possible to promote receptor clustering
by applying a focused, high-gradient field [41], which triggers a specific intracellular
signaling pathway [38].
1.1.2 Magnetic actuation in biomedicine and
biotechnology
All of these techniques highlight the unique opportunity that magnetic actuation offers
for the examination of the mechanical and kinetic properties of soft matter systems,
as well as for the potential to control system components and processes, including
specific cellular signaling pathways [13, 48]. In biomedicine, one way that magnetic
actuation has been implemented is in applications in tissue engineering and regen-
erative medicine. There has been particular success in the directed differentiation of
mesenchymal stem cells, where it has been shown that mechanical cues are particularly
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important in generating bone, muscle and connective tissue [68]. Subsequent studies
of one group have employed the indirect and direct activation of ion channels to stimu-
late tissue growth, stimulate intracellular calcium stores, change membrane potential,
upregulate genes related to bone and cartilage formation, and initiate and promote
bone matrix mineralisation [15, 25–27, 32, 56]. The same research group has since had
similar success with magneto-mechanically controlled differentiation of bone marrow
stromal cells [24, 28], which possess a high potency for evolving into or repairing other
tissues due to their greater range of plasticity [5, 11, 20]. Overall, this research has
strong implications in the development of personalised therapeutics, for the growth of
functional replacement tissue from a patient’s own cells, either ex vivo or in vivo [13].
Another therapeutic application uses the localised torques exerted via magnetic
particles to destroy cancer cells. The pioneering work employed permalloy magnetic
vortex microdiscs (MDs) [31], engineered to possess a zero remanence state to prevent
particle agglomeration, which could limit effective dispersion across a population of
Figure 1.1: Figure taken from [13]. A schematic representation of different types of
magnetic particle actuation methods for cells. (a) The magnetic twisting cytometry.
Magnetic microparticles are functionalised against integrin receptors on the cell mem-
brane, which are linked to actin filaments (black lines). A magnetising pulse, followed
by an orthogonal ‘twisting field’ induces a torque on the system. (b) Activation of
mechanosensitive ion-channels. Receptor bound magnetic microparticles are ‘pulled’
under the application of a high-gradient magnetic field, deforming the cell membrane
and activating adjacent mechanosensitive ion channels. (c) Targeted ion-channel ac-
tivation. Magnetic nanoparticles are attached directly to ion-channels via antibodies.
The application of a high-gradient magnetic field pulls the particle and forces the
channel open. (d) Receptor clustering. Magnetic nanoparticles are bound to receptor
complexes, which are spaced across the membrane surface. The application of a high-
gradient magnetic field causes the receptors to cluster near to the field source, which
can trigger intracellular signaling.
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cells, but could also lead to the clogging of blood vessels if this therapy was applied
through injection into the blood stream [14]. The MDs were taken up by tumour cells
and actuated via the application of an oscillating magnetic field, which caused them to
transmit a force. It was suggested that the mechanical disruption caused by the MDs
both compromised the integrity of the cell membranes and affected the ionic exchange
of mechanosensitive channel, which triggered programmed cell death in tumour cells.
This method has also been translated by our research group to an in vivo model,
generating significant brain tumour reduction and increased survival rate in mice [10].
This type of cancer therapy overcomes a lot of the challenges presented by the more
heavily researched magnetic hyperthermia, including the non-specificity of the effect
leading to the potential damage of healthy tissue [14, 48].
Outside of biomedicine, remotely controlled magnetic actuation strategies offer ap-
pealing solutions to a wide range of soft matter applications. This includes a selection
of biotechnologies, which are being driven towards lab-on-chip style of devices. An
example of this is the mixing of reagents in micro fluidic devices. On the macroscale,
mixing is often achieved via magnetic stirrers. On the microscale, turbulent mixing
offers somewhat of a challenge [60], meaning that an additional stimulus is required
to mix reagents. Magnetic particles have been shown to provide this in the form of
valves, mixers and pistons [40, 54]. Another application is magnetic transport, e.g. the
magnetically directed movement of catalytic nanomotors [8, 33], where the ability to
control the directionality and speed of components of a soft matter system offers consid-
erable promise in a variety of biotechnologies [64]. The technique of magnetic labeling
has also seen widespread implementation across biological research, with extensions
to the sensing, separation, isolation and purification of specific biological entities from
either liquid suspensions or their native environment [47, 48, 63]. Here, applied mag-
netic fields, often with some type of gradient, are employed to capture or measure the
particles and in turn the components they are tagging. Finally, static and dynamic
assemblies of magnetic particles offer novel types of magneto-mechanical actuation.
These assemblies may be generated by functional linkers, a polymer matrix or inher-
ent magnetic interactions. In particular, dynamic self-assemblies of magnetic particles,
tuned by the application of external magnetic fields, is of interest to applications such
as soft robotics, microfluidic mechanical devices, assembly of complex architectures
and the organisation of soft matter systems [67].
1.2 Antiferromagnetically coupled particles with per-
pendicular magnetic anisotropy
1.2.1 Drawing from magnetic memory technologies
In developing a novel type of particle for use in biological applications, the group’s
research looked to the fields of magnetic memory and spintronics, where more complex
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magnetic systems are employed. These systems are created through the engineering of
multilayer heterostructure thin films, which offer key magnetic properties that can be
manipulated for specific technologies based around magnetic actuation.
Thin films with perpendicular magnetic anisotropy (PMA), an interfacial effect
originating from spin-coupling interactions between layers of ferromagnetic (FM) and
heavy metal materials (e.g. Co and Pt) [7], have proved to be an important area of
research from the perspective of technological applications. PMA tends to be strong,
which means that the energy barrier that prevents a FM bit from thermally switch-
ing its magnetic configuration is high, hence providing relatively stable states for the
storage of information. The strength of PMA also makes it more robust to down-
scaling, making it possible to manufacture devices with sub-40 nm bit sizes. This is
the lower limit for bits fabricated from in-plane magnetic materials, as these rely on
shape anisotropy, which is dependent on the magnetisation volume [30]. Strong PMA
induces narrow domain walls, and these domain walls propagate with high velocities
[43]. These properties have been exploited in hard drive discs [9], and domain wall
logic and memory architectures [1].
Antiferromagnetic (AF) interlayer exchange coupling, driven by an Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction [29, 53, 69], can be used to create synthetic
antiferromagnetic (SAF) thin films that exhibit a zero remanence state [6]. The pres-
ence of this state means that SAFs have an extinguishable magnetostatic stray field
and are less susceptible to effects arising from a non-zero demagnetising field [35]. This
has lead to SAF films being introduced into magnetic memory research for the devel-
opment of data storage devices with higher thermal stability. In particular, they have
seen use in in-plane spin-valve read heads [35]. Furthermore, the SAF configuration
has been shown to increase the reversal field of the hard layer in PMA based mag-
netic tunnel junctions, as well as minimising dipolar interactions between storage and
reference layers, thus improving thermal stability and data retention times [2]. SAF
architectures with PMA have also shown potential in memory logic devices such as
those that exploit domain wall motion [49] and three dimensional shift registers [34].
1.2.2 Highly tunable, remotely actuated magnetic particles
Perpendicularly magnetised (PM) SAFs offer a selection of desirable characteristics
that could be exploited in the field of biomedicine, particularly in applications that
involve mechanical actuation [62]. By combining a top-down lithography process with
the PM SAF thin films, a new family of planar magnetic particles with strong uniaxial
anisotropy and tunable properties was created. The planar discs with PMA offer a
unique system for the control of particle orientation with an applied magnetic field,
which is efficient at transducing torque because of its uniaxial symmetry. The RKKY
coupling induces a zero remanence state, which prevents magnetic aggregation outside
of applied fields. Crucially, the magnitude of the PMA and RKKY coupling are tunable
through the adjustment of the thin film structure and are not affected by the particle
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shape. Furthermore, it is relatively straightforward to increase the magnetic moment of
the thin film system without compromising the magnetic properties, through repeating
the PM SAF bilayer motif [62]. Overall these particles present as strong candidates for
applications such as magnetic sorting and actuation of biological systems.
An investigation into PM SAF microdiscs (MDs) in liquid, under the influence of
a uniaxial magnetic field, revealed some novel magneto-mechanical behaviours. Here,
the additional degree of freedom, in the form of physical orientation, gives the MDs the
ability to minimise their energy through accessing different parts of the easy axis and
hard plane saturation processes through mechanical rotations. In a liquid suspension
of MDs, this lead to the formation of dynamic, reconfigurable magnetic chains [61].
These types of behaviour are potentially interesting for applications in areas such as
soft robotics and the dynamic self-assembly of complex architectures.
PM SAF MDs have also have been demonstrated as strong candidates in the
magneto-mechanical destruction of tumour cells under the application of a low fre-
quency, high strength rotating magnetic field [36, 39, 44]. It has been shown that they
offer a more effective therapeutic effect than magnetic vortex MDs, due to their uniax-
ial anisotropy [39]. Additionally, a study into a potential combination therapy found a
synergistic effect between the application of PM SAF MDs and radiotherapy. Specifi-
cally, the gold-coated MDs both radiosensitised the cancer cells, acting as intracellular
emitters of secondary electrons, as well as providing their characteristic mechanical
damage through exertion of torque [36].
1.3 Thesis aims
The goal of this thesis is to build on the pioneering research that has developed PM
SAF particles and begun to investigate how they may be manipulated and exploited.
We highlight the ability to engineer the properties of magnetic particles and discuss how
this can be highly advantageous across a range of biological applications, particularly
those involving mechanical actuation. We also characterise our particles extensively in
a liquid environment, to gain understanding of their behaviour and how it might be
of interest to a number of applications. Overall, this work provides a robust toolbox
for the fabrication of tailored magnetic nanodiscs, to be employed by a spectrum of
biotechnology and biomedical applications.
Initially we will cover an in depth study of PM multilayer heterostructures and
continue to explore the flexibility of the AF coupled system, in particular through
the exploitation of tunable RKKY coupling. We engineer an assortment of these thin
films, demonstrating their variation in magnetic hysteresis and discussing their interest
to specific applications. Moving on to the patterning of these films, we will present a
novel take on the fabrication of planar nanoparticles. Here, we show that this method
is capable of efficiently producing particularly high yields of well-defined nanodiscs,
without compromising our carefully engineered magnetic properties.
An investigation into the behaviour of PM AF coupled discs in liquid suspen-
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sions, under the influence of a magnetic field, leads to the discovery of novel magneto-
mechanical transitions. We study how the design of our thin film can affect the config-
urations and transitions exhibited by the particles. Furthermore, we reveal variation
in how the particles behave with a dependence on measurement parameters, such as
field sweep rate.
Finally, we examine a specific application of our PM SAF particles, in the area of
cancer therapy. We put forward the concept of a ‘magnetic combination’ cancer treat-
ment, integrating the magneto-mechanical destruction effect of PM SAFs with magnetic
hyperthermia via iron oxide nanoparticles. Our preliminary study presents interesting
inter-particle interactions between the two particle types and indicates potential for an
effective combined therapy.
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This section discusses some of the theory that underpins the experimental results in
this thesis. We first focus on the two key phenomena of our thin films: interfacial per-
pendicular magnetic anisotropy and Ruderman-Kittel-Kasuya-Yoshida coupling. We
then go on to outline the macrospin model that will be used to understand the magnetic
reversal of our perpendicularly magnetised, synthetic antiferromagnetic systems.
2.1.1 Perpendicular magnetic anisotropy
The multilayer thin films grown and studied in this work all exhibit perpendicular
magnetic anisotropy (PMA). This is a uniaxial, interfacial anisotropy, which causes
the magnetisation of ferromagnetic (FM) layers to orient perpendicular to the plane of
the thin film.
Magnetocrystalline anisotropy
Magnetocrystalline anisotropy (MCA) encompasses the energy contribution from the
atomic structure and bonding in a FM material. It generates hard and easy axes of
magnetisation, meaning that it takes more or less energy to magnetise the material
in certain directions. It was theorised that the origin of MCA, in cubic FM crystals,
was spin-orbit coupling [1]. This is a relativistic effect, where the spin dipole magnetic
moment of the electrons couples with the magnetic field generated by their orbital
motion. In turn, this induces a small orbital momentum, which couples the magnetic
moment to the crystal axes [13]. There is therefore a strong connection between the
MCA energy and the orientation of the orbitals, or magnetisation, relative to the
crystal axes, which reflects the symmetry of the crystal [7, 13]. At the interface of a FM
material there is a lowered symmetry, which strongly modifies the MCA compared with
the bulk. This generates a partial quenching of the angular momentum, causing the
out of plane (OOP) orbitals to dominate and yielding a so-called interface anisotropy
[2].
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PMA in CoFeB/Pt thin films
A dominant interfacial anisotropy may be induced in thin films when they are grown
below a critical thickness, known as the spin reorientation transition (SRT) [21, 28].
The volume contribution of the anisotropy (KV ) in a thin film originates from dipolar
interactions and favours in plane (IP) magnetisation. This is referred to as shape
anisotropy, as it the result a demagnetising energy term that is associated with sample
shape [20]. Conversely, the interfacial contribution to the anisotropy (KS), from the
MCA discussed above, favours a normal alignment of the magnetisation to the surface
of a thin film. The thin films studied in this thesis are all Co60Fe20B20/Pt multilayer
heterostructures. Here, symmetry breaking at the interface between the Co and the
Pt, enhanced by hybridisation of the Co 3d and Pt 5d orbitals [10, 12, 15], induces the
PMA.
The effective anisotropy, Keff , of the thin film system obeys [13]:
Keff = KV + 2KS/t (2.1)
Here, KV is negative and KS is positive such that Keff < 0 gives IP magnetisation
and Keff > 0 gives PMA. As t represents the thickness of the FM layer, in the case
of ultrathin films Keff is dominated by KS, leading to PMA. This happens below the
SRT, when there are relatively few bulk atoms, causing the atoms at the interface to
dominate the behaviour of the film. This effect has been documented previously in
Co/Pt [6, 8, 21] and CoFeB/Pt [28] thin films. The angle dependent energy density in
an applied field is a combination of the anisotropy (1st term) and Zeeman (2nd term,





sin2 θ −MSHcos(α− θ) (2.2)
where θ and α denote the angles subtended by the magnetisation and field, respec-
tively, and the film normal, and Ki is the intrinsic anisotropy (including the interfacial
and bulk contribution). The magnetostatic energy contribution, 2πM2S (where MS is
saturation magnetisation) arises from the demagnetising field, which favours an IP
magnetisation. The effective anisotropy of the thin film is thus:
Keff = Ki − 2πM2S (2.3)
For PMA, where Keff > 0, this gives Ki > 2πM2S.
Experimentally, magnetic anisotropy is extracted from hard plane (HP ) magnetisa-
tion measurements. For our CoFeB/Pt thin films, which exhibit strong PMA, we obtain
a value of Keff from the HP saturation field, or anisotropy field HK = 2Keff/MS [13].
Using equation 2.1 we can also then use HP saturation field to measure the interfacial
contribution to the anisotropy, KS. A plot of Keff t versus t gives a linear relationship
that, upon extrapolation to t = 0, yields 2KS.
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2.1.2 Ruderman-Kittel-Kasuya-Yoshida coupling
A large proportion of the thin films in this thesis utilise antiferromagnetic (AF) in-
terlayer exchange coupling (EC) between pairs of FM layers through a non-magnetic
space layer. We engineer this into our CoFeB/Pt multilayer heterostructures via an
AF Ruderman-Kittel-Kasuya-Yoshida (RKKY) type coupling layer: an interlayer of
Ru sandwiched between the FM CoFeB pairs.
The manifestation of RKKY coupling
The microscopic origin of this phenomenon was initially studied by Ruderman and
Kittel, who theorised the EC of nuclear magnetic moments of atoms in a metal by means
of the hyperfine interaction with the surrounding conduction electrons [3]. Kasuya
[4] and Yosida [5] went on to explain the interaction between conduction electrons
and unfilled inner shell electrons, the s − d interaction, in a transition metal and its
implication in the EC of FM materials. This RKKY interaction is an indirect EC
because it does not involve any direct coupling between magnetic moments: a localised
magnetic moment spin-polarises the conduction electrons, which in turn couples to a
neighbouring localised magnetic moment a distance r away [20]. The r-dependent EC
coefficient, J(r), is given by:
J(r) ∝ cos(2kF r)
r3
(2.4)
at large r, where kF is the Fermi wavevector. The EC thus manifests as oscillatory with
r (going back and forth between FM and AF in character) and of decreasing strength
as r increases
We can extend the treatment of two localised spins to two FM layers with a uniform
areal spin distribution separated by a non-magnetic metal layer in the z direction [14].






This relationship represents an oscillating spin density of conduction electrons in
the non-magnetic spacer layer [22], which generates the EC between the two adjacent
FM layers. Hence, the EC between two FM layers may be FM or AF in nature, and is
mediated by the thickness of the non-magnetic spacer.
Quantification of RKKY coupling
In our thin films with PMA, where we have two FM layers AF coupled via the RKKY
interaction, the additional energy term per unit area is described by [17]:
E(θ) = J cos (θ2 − θ1) (2.6)
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where J is the RKKY coupling energy per unit area, and θ1 and θ2 are the angles
between the FM layer magnetisations and the EA of the film. J may also be represented
as an effective coupling field between two FM layers, HJ :
J = HJMSt (2.7)
where t is the thickness of the layer that is being acted on (although for this discussion
the two FM layers will be of the same thickness). At remanence, a pair of RKKY
coupled FM layers exhibit an anti-parallel (AP) configuration, where their layer mag-
netisations point in opposite directions. At a critical field (applied along the EA),
called the saturation field (HS), the moments switch into a parallel (P) configuration,
such that both layer moments align with the field direction. In the case of non-coercive
switching, the saturation field is the coupling field (see Figure 2.1a). Experimentally,
HJ may be extracted from a measurement of the minor loop of the thin film, which
corresponds with the magnetic reversal of the softer of the two FM layers (even if the
layers are nominally grown identical, they will not be so experimentally). In a real,
coercive system, the effective coupling field on the softer layer from the magnetisation
of the harder layer, HJ , is determined as the field by which the minor loop is shifted
(see Figure 2.1b). The saturation field is HS = HJ + HC , where HC is the coercive
field [27].
(a) Non-coercive (b) Coercive
Figure 2.1: Schematics of the (a) non-coercive and (b) coercive EA M-H response, with
critical fields noted.
2.1.3 Zero temperature macrospin model
In this thesis, investigations into the behaviour of magnetic systems with PMA and
AF coupling through simulations were conducted using a zero temperature macrospin
model. Coercivity was not included in the model, making it an absolute energy mini-
mum model [9]. We found the absolute minimum of the system for each value of ap-
plied field using Monte Carlo simulated annealing, this method allows the exploration
of multilayer systems without a dramatic increase in computation time and memory
requirements. From this, we generated minimum energy diagrams and correspond-
ing magnetic hysteresis loops for easy, hard and global (mechanically unconstrained)
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saturation processes. The global responses provided key insight into the magneto-
mechanical behaviour of our magnetic particle systems.
Schematics of our bilayer system of two AF coupled FM layers with PMA are shown
in Figure 2.2. The thicknesses of the FM layers, M1 and M2, are t1 and t2 respectively.
The layer magnetisations form the angles θ1 and θ2 with the EA. In order to simulate
the fluidic environment, we allow the system to rotate freely, such that its EA can be
at any angle, α, to the applied field, H. As all of the thin films grown in this work
use the same magnetic material for both FM layer (CoFeB), we assume that MS is
the same for both layers. For our system, we write the total energy per unit area as a
summation of the PMA, AF EC and Zeeman energy contributions:
E =
K1t1 sin2(θ1) +K2t2 sin2(θ2) PMA
+J cos(θ2 − θ1) EC
−HMS [t1 cos(α− θ1) + t2 cos(α− θ2)] Zeeman
(2.8)
The effective anisotropies, K1 and K2, of each FM layer with PMA are assumed
to be equal and are extracted from the saturation field (HSat) of the HP thin film
measurement. The HP saturation process (α = π2 ), as illustrated in Figure 2.3a, occurs
via the canting of the two FM layers towards the field direction. To achieve saturation,
the system must overcome both the anisotropy field (HK) and the effective coupling
field (HJ) such that HSat = HK + 2HJ , where HK = 2K/MS. As the bilayer systems
we study all undergo EA saturation via the spin-flip regime (see below), we can extract
HJ from a minor loop of the thin film EA response, as is described in Section 2.1.2.
From this, we can calculate the RKKY coupling energy per unit area, J , using the
relationship J = HJMSt where t is the average thickness of the two FM layers.
The EA saturation process (α = 0) of an AF coupled system depends on the ratio
between anisotropy and EC. The spin-flip regime (see Figure 2.3b) is a single stage
process that presents in a system where K > J/2t [9, 11]. It is characterised by a
direct switch of the AF coupled layer moments from the AP (θ1 = 0, θ2 = π) to the
P (θ1 = θ2 = 0) configuration. In a non-coercive system, this switch occurs when the
(a) Stack schematic (b) Bilayer system
Figure 2.2: Schematics of (a) the thin film structure and (b) the bilayer system for a
magnetic disc (MD) with an EA and AF coupled FM layers.
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(a) HP (b) Spin-flip (c) Spin-flop
Figure 2.3: The (a) HP saturation process, and (b) spin-flip and (c) spin-flop EA satu-
ration processes. The arrows represent layer moment and field directions, analogously
to the scheme in 2.2b.
applied field is equal to HJ . A spin-flop regime manifests when K < J/2t and is a
two step transition process [9, 11] (see Figure 2.3c). The first step of the transition




): the FM layers go from the 0, π
AP configuration to a θ, −θ alignment with the field. The second step occurs at the
saturation field HS = 2MS (K +
J
t
): the layer moments rotate continuously until they
reach the P configuration.
2.2 Background
The development of perpendicularly magnetised (PM), synthetic antiferromagnetic
(SAF) particles for the use in biomedical and biotechnology applications has been
pioneered by researchers in the Cowburn group. The work presented in this thesis
builds on the innovation and discoveries that had previously been accomplished. This
section is dedicated to reviewing the published work from the group in this research
area.
2.2.1 PM SAF microdiscs — the particle architecture
Thin film design
Vemulkar et al determined that PM SAF thin films, with their more complex mag-
netic behaviour than traditionally used superparamagnetic nanoparticles, offered some
highly desirable properties for biological applications [35]. The motif of the mag-
netic multilayer stack used in this work is shown in Figure 2.4a and is described by
Ta/Pt/CoFeB/Pt/Ru/Pt/CoFeB/Pt. A polar magneto-optical Kerr effect (MOKE)
easy axis (EA) hysteresis loop of a single bilayer of this form is shown in Figure 2.4b.
SAF films are characterised by a zero remanence state (the apparent non-zero mag-
netisation at remanence is Figure 2.4b is due to the depth dependence of the MOKE
signal), which is generated by RKKY coupling of the magnetic layers through a Ru
interlayer, as discussed in Section 2.1.2. This is a crucial property in biological or other
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liquid applications as it prevents magnetic particles from agglomerating and maintains
their stability in solution. The low susceptibility of the system under low fields is also
useful here: particles with high susceptibility have been shown to stay agglomerated
after the application of an applied field [25, 32]. The sharp switch to full magnetisation
allows efficient access to the saturation moment. Furthermore, by tuning the strength
of the RKKY coupling through the thickness of the Pt interlayers (either side of the
Ru) it is possible to tune the switching field [28]. This provides greater flexibility for
tailoring towards applications such as sorting and purification [29]. The film is also
characterised by strong PMA, and hence an EA of magnetisation. This is generated
by interfacial spin-orbit interactions between the CoFeB and Pt layers, as discussed in
Section 2.1.1. This property allows an effective transduction of torque from a rotating
magnetic field.
For applications that utilise the transduction of mechanical force via magnetic par-
ticles, maximising the total magnetic moment of the particles is important. Vemulkar
et al demonstrated that it is possible to increase the magnetic moment of a PM SAF
film simply by stacking up repeats of the bilayer motif. Figure 2.4c schematically shows
the composition of a 12 times repeated bilayer and the resulting easy axis EA vibrating
sample magnetometry (VSM) loop is shown in Figure 2.4d. There is no degradation in
the saturation magnetisation or significant change in the layer anisotropy. The switch
to saturation occurs by a more slanted transition. This due to slight variation in the
RKKY coupling across the individual bilayers, as well as an increase in magnetostatic
interactions and domain formation [23, 24]. Nevertheless, the overall hysteresis is sim-
Figure 2.4: Figure and caption taken from [35]. (a) The single coupled bilayer motif.
(b) Polar MOKE hysteresis loop of the single bilayer. The arrows show the magneti-
sation direction of each CoFeB layer perpendicular to the plane of the film. (c) The
multilayer stack used to create the magnetic particles, where the basic motif is stacked
12 times. (d) VSM easy axis hysteresis loop of the 12 repeat motif multi- layer stack.
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ilar to that of a single bilayer, with the desirable PM SAF properties conserved.
Translation into microdiscs
To fabricate magnetic microdiscs (MDs) from a PM SAF film, Vemulkar et al em-
ployed a simple optical lithography method: the multilayer stack was sputtered on top
of silicon substrates that had been patterned with 2 μm diameter photoresist pillars
[35]. The MDs were then released into solution by dissolving the pillars with acetone.
Characterisation of the MDs on substrate (released and redeposited) by polar MOKE
loop reveals a very similar magnetic response to that the nominally identical thin film,
as shown in Figure 2.5a. Furthermore, a VSM measurement of a liquid suspension
of the MDs, as shown in Figure 2.5b, demonstrates that the key PM SAF properties
translate well into water [35].
This work illustrates PM SAFs as strong candidates for use in biological applica-
tions, with their range of desirable characteristics and the advantage of precise tun-
ability of a number of key parameters.
Figure 2.5: Figure adapted from [35]. (a) Polar MOKE hysteresis loop of a single
particle. (b) VSM hysteresis loop of the particles in water.
2.2.2 PM SAF transitions in liquid
The suspension of magnetic particles in a fluid environment provides them with an
additional degree of freedom: the ability to move. This alters the energy landscape of
single particles, which induces changes in their magnetic response, and gives them the
possibility to form inter-particle interactions, which leads to magnetic self-assembly.
Work by Vemulkar et al probed the specific behaviour exhibited by PM SAFs upon
subjection to a uniaxial magnetic field sequence [39]. This work lead to the emergence
of novel magneto-mechanical transitions, which manifested via the mechanical rotations
of particles as they accessed magnetic saturation processes that minimise their energy.
Furthermore, it revealed the formation of dynamic, reconfigurable magnetic chains.
Experimental results
Vemulkar et al began the investigation into the behaviour of PM AF coupled particles
in liquid, under applied fields, with a study of SAF MDs [39]. Here, the magnetic layers
are balanced such that the system exists in a net zero moment AP state in zero field.
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A set of 2 μm discs was fabricated from a SAF thin film of the form [Ta(2)/Pt(2)]3/
[Ta(2)/Pt(2)/CoFeB(1.2)/Pt(0.5)/Ru(0.9)/Pt(0.5)/CoFeB(1.2)/Pt(2)]2/Ta(2)/
[Pt(2)/Ta(2)]3, with thicknesses in nm [39]. The liquid VSM response of these MDs
suspended in water is shown in Figure 2.6a. The magnetic saturation process was
found to be characterised by a linear response at low fields, followed by a distinct
switch to saturation. Optical microscopy (OM) images of the MD suspension under
applied fields are displayed in Figures 2.6b–2.6d. It was discovered that these particles
exhibit three distinct regimes, manifesting through different configurations relative to
the field direction, which lead to dynamic self-assembly behaviour [39].
Firstly, in a very low field regime, as seen in Figure 2.6b, the particles are randomly
oriented with respect to the field and are well dispersed: the induced moment in the
MDs is negligible due to the AF coupling. Next, as the field is increased to a value
corresponding with the linear response in the hysteresis, the discs mechanically rotate
and align their HP parallel to the field direction (see Figure 2.6c). They also begin to
form edge-to-edge assemblies in chains along the field direction. Finally, as the field is
increased such that it exceeds the saturation field the particles undergo an abrupt 90°
rotation, which aligns their EAs parallel with the field direction (see Figure 2.6d) In
(a) Discs in liquid (b) -50 Oe
(c) 720 Oe (d) 1420 Oe
Figure 2.6: Figure adapted from [39]. (a) The liquid VSM loop of the SAF MDs in
water. The particle saturation field, H ′SAF , is indicated by the black arrow. 100× OM
images of the SAF disc suspension under applied fields of (b) ∼ −50 Oe, (c) ∼ 720 Oe
and (d) ∼ 1.42 kOe (field direction in plane, as indicated by the black arrows). The
blue and red arrows in (a) indicate the fields in (c) and (d) respectively. The inset
schematics depict the particle configurations.
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this saturated regime, the chains snap together such that the discs are in a face-to-face
configuration.
Simulations
Vemulkar et al simulated the response of a single SAF disc in liquid, under the influence
of a uniaxial magnetic field, by utilising the macrospin model outlined in Section 2.1.3.
This revealed the magneto-mechanical behaviour behind the transitions observed in
the experimental work [39].
Figure 2.7 shows the energy and magnetisation plots for the EA, HP and rotation-
ally unconstrained global responses of a SAF system, as generated by the simulation.
Along the EA, saturation is achieved via a spin-flip transition, whereas the HP satura-
tion process occurs via the canting of the two layer moments towards the HP direction.
Figure 2.7: Figure taken from [39]. (a) Minimum energy curves along the EA (blue),
HP (red) and global (black) for a SAF system with the magnetic parameters extracted
from the film in Figure 2.6. (b) The corresponding simulated hysteresis loops for each
response type. Below, a schematic depicts the orientation of an individual disc and its
layer moments (green and yellow arrows) with respect to the applied field (red arrows).
The blue and black arrows indicate the coupling field, HJ , and critical SAF field, H ′SAF ,
respectively.
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The global energy response forms a superposition of the EA and HP processes, with
its path following that of the minimum energy. At low fields, the HP process has the
lower energy, which induces a torque on the particles to align their HP with the field
[16, 18], reflecting the particle configuration found in Figure 2.5c. As the field rises, the
layer moments continuously cant towards the HP, as they would in a HP saturation
process. At a critical field, H ′SAF , the EA process becomes the lower in energy. This
causes the discs to abruptly rotate 90° into the configuration found in Figure 2.5d, as
the layer moments simultaneously flip into a parallel state with each other, the EA and
the field. These magneto-mechanical transitions lead to the reconfiguration of the disc
chains as they interact via dipolar coupling [39]. The behaviour demonstrated by this
work is potentially interesting for applications in the fields of soft robotics, fluid-based
micro- and nanodevices and dynamic self-assembly.
2.2.3 Magnetic particles in mechanical cancer cell destruction
Magnetic-vortices and in-plane SAFs
The use of magnetic particles in the magneto-mechanical destruction of cancer cells
was first demonstrated with magnetic-vortex (MV) permalloy (Py) MDs by Kim et
al [26]. Here, ∼ 90% cancer cell destruction was achieved through two key effects:
compromising the integrity of cellular membranes and initiation of programmed cell
death. Further research on this topic includes: the triggering of apoptosis in renal
cancer cells through the vibration of cell membrane attached MV MDs [34], and the in
vivo destruction of malignant glioma through the oscillation of MV MDs in a rotating
magnetic field [36].
Leulmi et al compared the potential of MV MDs with in-plane SAF MDs for the
purpose of biological applications [32]. The in-plane (IP) SAFs that were considered
in this work were formed by antiferromagnetically coupling a pair of Py layers. This
study concluded that, in principle, the IP SAF particles could produce larger torques,
which would make them more efficient in the destruction of cancer cells. However,
IP SAFs were deemed more challenging to produce than MV particles and moreover,
they have been found to exhibit self-polarisation under certain conditions [25, 32] (see
Section 6.4.1 for more details).
PM SAFs
PM SAFs were first implemented into a cancer therapy on malignant glioma cells
by Muroski et al in a collaboration with the Cowburn lab [37]. Here, the 12 times
bilayer stack patterned into 2 μm discs, as developed by Vemulkar et al [35], was
employed. Neural stem cells (NSCs) have been shown to be promising candidates for
the targeted delivery of therapeutics to cancers, because of their inherent tumour-tropic
migratory behaviour [19]. The delivery of nanoparticles has previously been applied to
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several cancer types, including malignant gliomas [30, 31, 33]. However, limitations of
stem cell delivery of nanoparticles include the inefficiency of drug release and inability
to remotely trigger a timed release. Accordingly, the study by Muroski et al first
demonstrated the magnetic field triggered destruction of NSCs: PM SAF MDs that
had been internalised by the NSCs were remotely triggered by a 1 T rotating magnetic
field, rupturing the cell membranes and releasing the MDs. They then showed that
the glioma cells were also able to internalise the MDs, which indicates the potential
for efficient drug delivery. A second dose of the magnetic field treatment was then
determined to induce apoptosis, through the rotation of the MDs, which lead to over
50% of glioma cell death.
Mansell et al demonstrated the effectiveness of PM SAF MDs, in comparison with
MV MDs, at transducing torque and at inducing death of glioblastoma cells [38]. Both
types of MD were created with a diameter of 2 μm, with the PM SAFs being nominally
the same as that described in [35]. The particles have some similar magnetic properties:
both characterised by a zero remanence state and they have similar HP saturation
fields. However, their magnetic anisotropies exhibit crucially different symmetries: the
PM SAFs have an easy out-of-plane magnetisation axis, while the MV MDs have an
easy magnetisation plane. This leads to a significant difference in behaviour under the
application of a rotating magnetic field, as is shown schematically in Figure 2.8, which
subsequently causes a substantial difference in the effectiveness of torque application
between the two particles. In an in vitro study, the glioblastoma cells were incubated
with each type of particle and then subjected to a 1 T rotating field. The MV MDs
killed just 12% of cells, while the PM SAF MDs were able to kill 62% [38]. This shows
that, despite the fact that MV MDs were capable of a much larger maximum torque
[38], it is the symmetry considerations that are key to effective magneto-mechanical
destruction.
Most recently, Leulmi et al implemented PM SAF MDs in a combination cancer
therapy [40]. This study demonstrated the MDs as enhancers of the traditional radio-
therapy method, on top of their induction of mechanical damage via exertion of torque.
Figure 2.8: Figure taken from [38]. Schematic showing the magnetisation direction and
torques on (a) PM SAF particles and (b) MV particles under an applied rotating field.
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A large increase in DNA damage and reduction in glioblastoma colony formation was
found for cells that had been incubated with the MDs, in comparison to conventional
radiotherapy, which indicates that the MDs play a synergistic role in enhancing the
killing of tumour cells with radiotherapy. This could make it possible to use lower en-
ergy radiation sources, which are required for intra-opertaive therapy and also desirable
for minimising negative effects to healthy tissue, without compromising the therapeutic
effect. With their additional ability to damage cancer cells mechanically, MDs offer an
attractive platform for a potentially highly effective cancer therapy.
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This chapter details the experimental techniques used in this work. This begins with
fabrication methods used to create magnetic thin films and particles. Next, the key
techniques used to analyse the magnetic behaviour are described. This includes magne-
tometry systems for the assessment of magnetic reversal of films and particles, as well
as some customised set ups for the study of the magneto-mechanical configurations of




Direct current (DC) magnetron sputtering is a standard physical vapour deposition
method used for the growth of magnetic thin films. Here, a process gas (in our case,
Ar) flows between a pair of electrodes, creating a DC plasma of gaseous ions. The
plasma is accelerated towards a ‘target’ of desired material, which is situated at the
cathode, and the ions bombard the target causing the emission, or ‘sputtering’, of
target atoms and secondary electrons. Magnets of alternating polarity sit below the
cathode and force the secondary electrons to follow the magnetic field lines, confining
them in the area just above the target [5]. This increases the Ar plasma density close to
the target, by increasing the ionisation of Ar via collision with secondary electrons, and
thus increases the efficiency of the target sputtering. Placing a substrate at the anode
results in target atoms favourably traveling towards and condensing on the surface,
which leads to the growth of a thin film of the desired material.
The magnetic multilayers, and Al films, fabricated for this thesis were made using
a Kurt Lesker DC magnetron sputtering system, which comprises of a high vacuum
chamber with six target positions, all angled towards a rotating sample stage (spinning
at 20 rpm to smooth out deposition thickness), and an adjacent load-lock. The typical
base pressure of the system was ∼ 2 − 8 × 10−8 mbar. The thin film stacks were grown
at room temperature (RT) and under a working pressure of 7 − 9 × 10−3 mbar. The
sputtering rate of each target was calibrated by growing a sample for a set amount of
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time, giving a film thickness between 20 − 30 nm. These samples were grown on Si
chips 1 − 4 cm2 patterned with a cross in marker pen. Dissolving the ink in acetone,
thus lifting off the material on top, created steps in the film. The thickness of the
deposition was then measured using an atomic force microscope (AFM), allowing the
calculation of a growth rate for each target. Increments in growth time was limited
to 1 s by the system and minimum growth time was additionally limited by the ∼ 1
s shutter time of the magnetrons. Rate of growth could be controlled by varying the
magnetron power, these were set between 30−300 W, depending on the inherent target
growth speed, desired thickness and precision requirements.
3.1.2 Ion milling
Ion milling is a physical etching technique used for the controlled removal of material
to a desired depth. A typical system accelerates ions of an inert gas (Ar in our system)
from a wide beam source towards a sample surface. The ions bombard the surface atoms
and expel them, slowly removing layers of the material. Ion milling is a preferential
method to chemical etching alternatives as it is cleaner (due to being performed under
vacuum), more universal and doesn’t exhibit under-cutting [8]. In our system, the
sample was rotated during milling, to increase the uniformity of the etching. The
speed of etching may be controlled by variation of the beam parameters, particularly
the beam current.
The Ar ion milling system used for this project was situated in the main chamber
of the sputterer, with the ion source positioned in the centre of the chamber. It
was utilised in the fabrication of magnetic particles, for lithography methods that
implemented a mask for the ‘cutting out’ of particles from a continuous thin film: the
unprotected film was etched away, leaving behind the material covered by the mask.
The majority of milling was conducted under an Ar pressure of ∼ 1.6 × 10−4 mbar,
using a beam current of 28 mA and a beam voltage of 600 V.
To calculate typical milling rates under these conditions, calibration samples were
produced in the form of continuous films with photoresist hall bars patterned on top.
After a known period of milling time, the hall bars were dissolved away and AFM was
used to assess the step height between the milled and masked areas of the film. To
work out how long it took to mill through a single SAF bilayer a few identical samples,
with a prescribed total bilayer thickness, were prepared and milled simultaneously.
Periodically, one of the samples had the hall bars removed and was measured by AFM,
until the step height matched the bilayer thickness. It was determined that a typical
SAF stack took ∼ 40 s to mill through and Al milled at a rate of 0.32 nm/s. For one
experiment we reduced the beam current to 10 mA (keeping the voltage the same),
which increased the time to mill through a typical SAF to ∼ 180 s. These numbers
were utilised in the minimisation of milling time for the fabrication of magnetic discs.
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3.2 Magnetometry
3.2.1 Polar magneto-optical Kerr effect
Broadly, magneto-optical effects are established by dielectric properties of media, which
are controlled by electron dynamics [11]. The magneto-optical Kerr effect (MOKE)
describes the change in polarisation of light that is reflected by a magnetic medium,
which originates with spin orbit interactions [2, 4].
The light utilised in MOKE measurements is linearly polarised. This is a superpo-
sition of equal amplitude, right and left circularly polarised light. Magnetic materials
exhibit off-diagonal elements in their dielectric tensor, which leads to an anisotropic
response in the electric field of a reflected light wave [9, 11]: there is a difference in the
refractive index between the left and right circular polarisations of light propagating
through a magnetic material. This anisotropy manifests in two effects: Kerr ellipticity
and Kerr rotation. Kerr ellipticity is the ellipticity in the reflected light, due to an
induced dichoism: a difference in absorption of the left and right circularly polarised
components creates a difference in their amplitudes. Kerr rotation is the rotation from
the axis of the incident to the reflected light; the magnetic material causes a birefrin-
gence, an anisotropy in refractive index, which creates phase difference between the
two light components. When light is at a perpendicular incidence to the surface of a







2 [ϕ+ (ω) − ϕ−(ω)] (3.2)
where
r̃±(ω) = r±(ω)exp [iϕ±(ω)] (3.3)
are the reflection coefficients for right (+) and left (–) circularly polarised light [6].
Here, ω and ϕ± denote the frequency and phase of the reflected light respectively.
MOKE magnetometry offers a rapid technique for obtaining local magnetic in-
formation of thin film samples. Although it cannot provide any quantification of a
sample’s magnetisation, it is a powerful tool for recording the magnetisation dynam-
ics. The MOKE used for this work is a NanoMOKE3 system from Durham Magneto
Optics Ltd, set up in the polar configuration for the measurement of easy axis (EA)
behaviour of magnetic thin films and disc-shaped particles with out of plane (OOP)
anisotropy. Here, the laser, a linearly polarised beam with spot size 10 − 15 μm, is
directed perpendicular to the sample surface and thus parallel with it’s EA. The max-
imum applied magnetic field for this system is ∼ 0.6 T with a controllable field sweep
rate (minimum frequency 0.005 Hz). This set up was also implemented in the collection
of domain images, utilising the scanning laser microscopy and CCD camera functions
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in the software, which were processed using a purpose built MATLAB application [10].
[1] provides a complete explanation of the analysis and noise considerations during the
set up of a MOKE system.
3.2.2 Vibrating sample magnetometry
Vibrating sample magnetometry (VSM) is a complementary method to MOKE for the
assessment of the magnetic behaviour of thin films: it provides quantitative measure-
ments of bulk samples, namely saturation magnetisation, MS. The set up utilises a
slow ramped magnetic field, as opposed to the higher sweep rate used for quick MOKE
measurements. Additionally, it is possible to reach higher applied fields, which allows
us to assess hard plane (HP) measurements of our high anisotropy thin films.
In a VSM, a magnetic sample is attached to the end of a rigid, rod-shaped sample
holder and vibrated sinusoidally, at a fixed frequency and perpendicular to an applied
magnetic field. As the field is slowly ramped in specified increments, the stray field
from the oscillating sample induces a voltage in a set of stationary pick up coils. This
measured voltage is directly proportional to the magnetic moment of the sample, by
Faraday’s law of induction [3]. A lock in amplifier is used to amplify the signal picked
up by the coils, with reference to the driving frequency of the sample holder. From
Faraday’s law, the voltage, V , induced in a coil with a single turn due to a local change
in net flux follows [7]:
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By the Biot-Savart law we can relate the flux, φ, produced by a sample’s magnetic
dipole moment, m, to a field, B, produced by a current, I, in the pick up coils:
B · m = Iφ (3.6)
If we assume that the sample is undergoing simple harmonic motion with amplitude
A and frequency ω:
dx
dt
= Aω cos(ωt) (3.7)
By combining equations 3.5–3.7 we show that the induced voltage is shown to be







Aω cos(ωt) = G(r)mAω cos(ωt) (3.8)
where G(r) is a geometrical factor representing the spatial distribution of the coil
sensitivity [7]. A more detailed description of the principles of VSM can be found in
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[3] and [7].
In this work an EZ7 VSM from Microsense is used, with samples attached to a
quartz rod sample holder, vibrated at 75 Hz and measured at RT. The maximum
applied field of the system is 1.75 T. Background from the sample holder (a linear,
diamagnetic response) is subtracted from the measured signal, prior to analysis. This
system was used for both EA (OOP) and HP (IP) measurements of PM thin films, and
additionally for the evaluation of particles in liquid. In this case a small vial, designed
for use with a VSM, was filled with a particle suspension and attached to a normal
quartz sample holder for measurement. Background signal from a water only filled
vial was then removed. This allowed us to probe the magnetic response of particles




Observations of magnetic particles in liquid under applied fields were performed via
two optical microscope (OM) magnet set ups. The majority of the images and videos
in this work were taken using the set up displayed in Figure 3.1. A few microlitres
(∼ 5 μl) of particle suspension is deposited on a Si chip; the Si is lightly plasma ashed
beforehand to make it more hydrophilic, which allows the droplet to wet the surface
more, making it flatter and easier to focus through. A sample holder, with x, y and z
translation, positions the chip between the pole pieces of a dipole electromagnet (GMW
3470), which is capable of a maximum applied field of ∼ 5 kOe at a 25 mm pole piece
separation or ∼ 8 kOe at a 12 mm separation. A 5 megapixel colour video camera built
into a custom Olympus BXFM modular mount for reflected light microscopy is then
(a) (b) (c)
Figure 3.1: Photos of the OM-dipole set up. (a) The full set up. (b) The positioning
of the objective above the dipole and sample holder: arrows indicate the directions
of light and applied magnetic field. (c) The positioning of a sample between the pole
pieces.
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used to record the particle behaviour perpendicularly to the applied field direction. The
use of long working distance objectives makes it possible to image the liquid samples
with a range of magnifications without the objectives making contact with the water
and whilst maintaining the sample in the centre of the dipole (minimum pole piece
separation ∼ 24 mm). In this work 50× and 100× objectives were employed, to image
both micro and nanoparticles. The resolution of these are 0.79 and 0.46 μm respectively,
based on the use of 550 nm light: our set up uses white light for illumination, so these
resolutions are approximate.
A small proportion of the particle imaging was done via an earlier OM-magnet set
up, which was built in a similar configuration as the new version, such that imaging was
perpendicular to field direction. Here, the many body and objectives (50×, 100×) of a
standard reflected light microscope were used in conjunction with a quadrupole, bor-
rowed from a Durham Magneto Optics Ltd. NanoMOKE3 system, which was capable
of a maximum applied field of ∼ 1.2 kOe in the x and y directions.
3.3.2 Reflectivity measurements
To analyse the spatial configuration of magnetic nanodiscs, which are challenging to
focus on with an optical microscope due to their particularly small thickness (10–
20 nm), reflectivity measurements were employed. These were performed using the
Durham Magneto Optics Ltd. NanoMOKE3 system, which can be set up to record
reflectivity data, in its high-field polar configuration. A small reconfiguration of the
set up was made to align the MOKE laser perpendicular to the field direction and
maximise the potential reflectivity signal: the laser was directed vertically, such that it
had normal incidence on the bottom of a cuvette (designed for optical measurements
e.g. spectrophotometery) containing the particle suspension, as shown in Figure 3.2.
The principle of these reflectivity measurements is that maximum signal is acquired
(a) (b) (c)
Figure 3.2: Photos of the reflectivity measurement set up with (a) the light and field
directions and (b) the sample position indicated. (c) A schematic of the hard (top)
and easy (bottom) axis alignments of the nanodiscs relative to the laser and field.
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when the nanodiscs align their hard axis with the applied field (faces perpendicular
to the laser) and a minimum signal corresponds with an easy axis alignment with the
applied field (edges perpendicular to the laser, see Figure 3.2c).
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Chapter 4
Engineering magnetic thin films
4.1 Introduction
The use of perpendicularly magnetised (PM) materials and synthetic antiferromagnets
(SAFs) have been important in the area of spintronics. The key benefits that PM
materials offer are large retention times and fast domain wall speeds [12]. The added
complexity of a SAF brings additional magnetic properties, such as an antiparallel
(AP) state and tunable switching, that can be further exploited to create efficient
data storage and logic devices [9, 18]. It has been shown that PM SAFs, and the
extensive research that has been made into them in spintronics, may be exploited for
the purpose of creating highly tunable magnetic particles for biological applications
[17]. The architecture of a PM SAF results in a number of characteristics that are
desirable for applications in biological, or more generically liquid, environments. These
include a zero remanence state, sharp and efficient switching, and a relatively high
saturation magnetisation. Additionally, the method used for engineering the magnetic
stack offers a significant degree of flexibility and control of these characteristics, which
is highly beneficial in tailoring magnetic particles towards a particular application [17].
The general structure of the PM SAFs is this work is Ta/Pt/CoFeB/Pt/Ru/Pt/
CoFeB/Pt/Ta. A 2 nm layer of amorphous Ta provides a relatively smooth buffer to
deposit the rest of the film on top of. As the magnetic properties of a PM SAF are
strongly dependent on the interfaces within the multilayer stack, a smooth seed layer
promotes robust properties, which includes sharp switching [16]. Layers of Pt sandwich
the magnetic CoFeB, which is kept at a thickness below the spin reorientation transition
(SRT) (see 2.1.1), which pulls the magnetisation out of plane (OOP) through spin-orbit
interactions [6] (further info in Section 2.1.1). The Pt/Ru/Pt motif provides tunable
antiferromagnetic (AF) coupling: the Ru providing a Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction [5, 14], which may be modulated through the thickness of the Ru
or the Pt interlayers [1, 8].
This chapter will start with introducing the Pt/CoFeB/Pt motif, which is the
building block of the PM SAF thin film. It will then go on to study the architecture
and magnetic behaviour of PM SAFs, exploring ways of engineering the thin film
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to produce a range of tunable properties. This design flexibility demonstrates the
potential for tuning a PM SAF towards a diverse selection of applications, including




A series of PM uncoupled CoFeB stacks were sputtered in the form Ta(2)/Pt(2)/
CoFeB(x)/Pt(2)/Ta(2), with thicknesses in nm and where x = 0.6 − 1.4. To investi-
gate the variation in magnetic behaviour with CoFeB thickness, tCoF eB, polar MOKE
was used to measure the easy axis (EA) hysteresis of the samples. The resulting loops,
presented in Figure 4.1a, show the characteristic square shape with relatively sharp
transitions that is expected for single PM CoFeB layers with tCoF eB under the SRT.
By extracting the coercive field, HC , from the MOKE loops we reveal its relationship
with tCoF eB; Figure 4.1b shows that HC increases with decreasing tCoF eB. This likely
stems from increasing roughness as the CoFeB gets thinner, inducing more defects in
the thin film, which leads to an increase in domain wall pinning during magnetic tran-
sitions. This shows coercivity to not only be a key measure of the magnetic properties
of a film, but also to be a reflection of other conditions, such as growth quality and
texturing.
(a) EA MOKE (b) Coercivity
Figure 4.1: (a) Polar MOKE easy axis loops and (b) coercive fields (HC) of single,
perpendicular layers of CoFeB. A linear fit is added to guide the eye. The films were
grown in the form Ta(2)/Pt(2)/CoFeB(x)/Pt(2)/Ta(2), where CoFeB thickness, x,
was varied from 0.6 − 1.4 nm.
4.2 CoFeB/Pt multilayers 41
Multilayer stacks
A magnetic particle under an applied field experiences a torque that is proportional
to its total magnetic moment. Therefore, moment is a key parameter to control for
the purpose of liquid applications. There is a limit to how much the thickness of a
CoFeB layer can be increased in a PM sample: if the thickness exceeds the SRT, the
magnetic moment lies in the plane of a film. Accordingly, to increase the moment of
a film we engineer heterostructured multilayers comprising of repeats of CoFeB layers,
with ultrathin Pt layers inserted in between to conserve the PM state. To investigate
the effect that this has on the magnetic reversal of a thin film, a series of samples were
grown in the form Ta(2)/Pt(2)/CoFeB(1)/[Pt(0.8)/CoFeB(1)/]n−1Pt(2)/Ta(2), with
thicknesses in nm and where the number of repeats n = 1 − 5. The OOP MOKE loops
taken from the series are presented in Figure 4.2, alongside a graph of HC versus n.
Here, HC is taken as the field required to complete a full magnetic reversal. Clearly,
(a) 1x (b) 2x (c) 3x
(d) 4x (e) 5x (f) Coercivity
(g) 1x — HP (h) 5x — HP (i) Anisotropy
Figure 4.2: (a)–(e) MOKE loops from an uncoupled CoFeB layer series grown in the
form Ta(2)/Pt(2)/CoFeB(1)/[Pt(0.8)/CoFeB(1)/]n−1Pt(2)/Ta(2), where the num-
ber of repeats, n, ranges from 1 − 5. (f) The relationship between number of repeats
and coercivity field (HC). The exponential fit is added to guide the eye only. (g) and
(h) HP loops of the n = 1 and 5 samples. (i) The relationship between number of
repeats and anisotropy field (HK), with exponential fit to guide the eye.
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there is significant increase in HC with increasing n, with an apparent exponential
relationship. We can see from the MOKE that a key contributor to this behaviour is
the change from sharp, EA transitions at the lower end to highly sloped transitions with
the higher number of repeats. The major reason for this change in switching behaviour
is that there is a trade off between surface area and total volume of magnetic material:
as n is increased an effective SRT for the whole stack is neared. This causes the
magnetic reversal to change from nucleation limited, where there is rapid domain wall
motion once a few domains have nucleated, to become increasingly dominated by a
collective propagation of reverse stripe domains [5]. This is the consequence of the
balance between the Zeeman, domain wall and magnetostatic energies. The result is
an increase in the switching field of the film as the transitions become significantly
more sloped.
In plane (IP) hysteresis loops were measured via VSM. The results for the n = 1
and 5 cases are shown in Figures 4.2g and 4.2h respectively. For n = 1, the curve
is sigmoidal in shape, with no hysteresis and a particularly high saturation field. For
n = 5 we still find a sigmoidal shape, however, there is hysteresis around remanence
and the saturation field is significantly lower. Therefore, we again see a change in
the switching behaviour with an increase in n: the film changes from a fully HP-like
reversal to something which displays more EA characteristics.
The anisotropy field (HK) of all five samples was taken from the respective HP
loops, generating the HK versus n graph shown in Figure 4.2i. There is a very clear
decrease in HK with increasing n, corresponding with the progressively stronger easy
axis behaviour in the IP direction, which lowers the strength of the anisotropy along
the OOP axis.
4.2.2 Synthetic antiferromagnets
The insertion of Ru between layers of PM CoFeB induces their coupling via an RKKY
interaction [5, 14]. Pt interlayers, added either side of the Ru, act to stabilise the
PM state [1]. In this case a thin film is in the form Ta/Pt/CoFeB/Pt/Ru/Pt/
CoFeB/Pt/Ta. This leads to the formation of a PM SAF, which exhibits a char-
acteristic EA hysteresis as shown in Figure 4.3a. As depicted by the blue arrows,
which represent the magnetisation in the two coupled CoFeB layers, an antiparallel
(AP) state is formed at remanence where the net moment is zero. In the case of a
MOKE hysteresis loop, as in Figure 4.3a, this is not represented by zero Kerr signal
due to the depth dependence of the measurement, which is caused by the skin-depth
of the probe laser. As the strength of an applied magnetic field is increased from re-
manence, along the easy axis of the SAF, there is a sharp switch to the parallel (P)
state at the saturation field of the sample. When the magnetic field is then ramped
back down there is another sharp switch back to the AP state. By measuring a minor
loop of the SAF (as discussed in Section 2.1.2, Red in Figure 4.3a) we can calculate the
coupling field, HJ , and coercive field, HC , of the each of the layers. The HP behaviour
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(a) EA (b) HP
Figure 4.3: (a) An EA polar MOKE loop of a SAF film, with coupling field (HJ)
and coercivity field (HC) indicated. (b) A HP VSM loop of a SAF film, normalised
by magnetic saturation, with the saturation field (Hsat) indicated. The blue arrows
represent the direction of magnetisation of each of the CoFeB layers.
of a SAF takes the shape shown in Figure 4.3b. There is a non-hysteretic, sigmoidal
transition from one saturation point, Hsat, to the other, via a zero remanence state.
This is the result of the moments of the two coupled CoFeB layers canting between the
easy and hard axes, as shown by the blue arrows.
The distinct hysteresis behaviour exhibited by a SAF provides a number of highly
desirable characteristics for device applications, particularly those involving magnetic
particles in a fluid environment [17]. Firstly, the zero remanence state of the system
prevents inter-particle interactions in the absence of applied fields, which precludes
SAF particles from aggregating. The low susceptibility of the system in low fields
also limits the agglomeration of particles after the application of a field [7]. This is
reinforced by the exhibition of relatively high coupling fields, in comparison to dipolar
fields between particles, preventing self-polarisation (see Section 6.4.1). The strong EA
anisotropy of the PM SAF leads to sharp switches between the AP and P states and
therefore efficient activation and deactivation. Additionally, in applications involving
rotating fields, transduction of torque is more effective from an easy axis than an easy
plane [11]. Tunable switching, through the Pt/Ru/Pt interlayer, provides flexibility
in the system and an ability to tailor it towards particular applications. Finally, there
is potential for varying the moment, by simply building up repeats of the SAF motif,
without compromising key properties including the zero remanence state [17].
In this section, these magnetic properties will be explored further, to illustrate the
extent of the tunability of the PM SAF system. This will demonstrate a full suite of
thin films that may be utilised in magnetic particles across a wide range of biological
and other fluid applications.
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RKKY coupling — AF peaks
The thickness of the Ru (tRu) modulates the RKKY coupling strength: the coupling
oscillates between peaks of strong AF and ferromagnetic (FM) coupling, with a reduc-
tion in peak strength as tRu increases [1, 2, 14]. To probe the two strongest AF peaks, a
series of SAFs with ultrathin Pt interlayers (to maximise coupling and therefore work-
able range) were grown in the form Ta(2)/Pt(2)/CoFeB(1)/Pt(0.4)/Ru(tRu)/Pt(0.4)/
CoFeB(1)/Pt(2)/Ta(2), with thicknesses in nm. This series was split into two groups
of films: one with tRu centred around 0.9 nm, the first expected AF peak, and the other
centred around 2 nm, the second expected AF peak [1]. The EA MOKE measurements
of the films are presented in Figure 4.4, alongside a plot of HJ versus tRu. We clearly
see a rise and fall in the coupling with increasing tRu for both sets of SAFs, with a
much larger range of HJ for the set with smaller values of tRu. This translates into the
characteristic pair of steep asymmetric peaks in the coupling plot, centred around the
strongest and second strongest AF coupling values of tRu = 0.9 and 2.0 nm respectively.
This illustrates the ability to utilise Ru thickness as a parameter for, at least, the
coarse tuning of SAF switching fields. Engineering magnetic films or particles towards
saturating at particular fields, such that they are suitable for different applications,
is quite desirable. Furthermore, optimising films to saturate in relatively high or low
applied fields, through this coarse tuning ability, could prove to be very useful in
biomedical device design: a large HJ would prevent particle activation until it was
required, even in environments with low field backgrounds, whereas a low HJ would
be very useful in the creation of devices without bulky or expensive field application
systems.
(a) 1st peak (b) 2nd peak (c) Coupling field
Figure 4.4: MOKE loops of SAF films coupled with different thicknesses of Ru: (a)
around the first peak and (b) around the second peak. (c) Shows the peaks produced
for HJ vs. tRu.
Tuning coupling with the Pt interlayer
An additional method of tuning the coupling strength of a SAF is via the Pt interlayer
thickness (tP t): the insertion of Pt between CoFeB and Ru limits the interlayer interac-
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tion, with coupling strength being inversely proportional to tP t [8]. Figure 4.5a displays
the MOKE loops taken from a series of SAFs grown on the first Ru peak, in the form
Ta(2)/Pt(2)/CoFeB(0.9)/Pt(tP t)/Ru(0.9)/Pt(tP t)/CoFeB(0.9)/Pt(2)/Ta(2), with thick-
nesses in nm and tP t = 0.37 − 0.69. The sharp transitions in the MOKE loops are
indicative of switching in the spin-flip regime (see Section 2.1.3).
As expected, the saturation fields of the SAFs distinctly reduce as the tP t is in-
creased. By calculating the HJ for each sample from the minor loops and plotting
against tP t we find the characteristic exponential decrease. This relationship is of the
form HJ = Ae−tP t/td , where A is the amplitude and td is the characteristic decay length
of the coupling field. In our case we extract A = 17 ± 3 kOe and td = 0.19 ± 0.02 nm:
this decay length is comparable with that found in the literature (td = 0.16 ± 0.01 nm
in [8]). To compare our amplitude with that found in the literature we must adjust for
CoFeB thickness (tCoF eB), as coupling energy J = HJMStCoF eB (see Section 2.1.2). We
therefore obtain AtCoF eB ≈ 15 kOe nm, which is higher than that in [8]: AtCoF eB ≈ 7
kOe nm. Due to the exponential nature of the relationship between HJ and tP t, small
changes in the magnetic properties of the thin films can have a large effect on the
amplitude of the data fit. For example, we have assumed that the MS of our CoFeB
is identical to that in the literature. Additionally, all of our films are switching via a
spin-flip transition, while those in the literature [8] switch via a mixture of spin-flip and
spin-flop transitions. Most significantly, we have made no consideration of disparity in
Ru thickness (we use 0.9 nm, while the previous study uses 1.5 nm), which we have
just shown has a large effect on the coupling. The fact that our samples are grown
with a Ru thickness closer to the 1st AF peak is consistent with us achieving larger
coupling strengths.
In comparison with the relationship between HJ and Ru thickness, tP t has a much
more moderate effect on the coupling of a SAF, making it a better candidate for the fine
(a) Pt series (b) Coupling field
Figure 4.5: (a) MOKE loops from a SAF film series grown with the form
Ta(2)/Pt(2)/CoFeB(0.9)/Pt(tP t)/Ru(0.9)/Pt(tP t)/CoFeB(0.9)/Pt(2)/Ta(2) for a
range of tP t. The effect of tP t on HJ is shown in (b).
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tuning of magnetic switching. This would be highly beneficial for sorting or purification
type applications.
4.2.3 SAF stacks with repeats
Increasing moment
As has been discussed previously, increasing the moment, and thus the force/torque,
that can be applied on magnetic particles could be beneficial to their application. To
increase the moment of a SAF stack, without losing the PM state by crossing the SRT,
we can repeat the main motif to create a film in the form Ta/[Pt/CoFeB/Pt/Ru/Pt/
CoFeB/Pt/Ta]n, where n is the number of repeats. To investigate the effect that
this has on the hysteretic behaviour of a SAF, a series of films were grown in the form
Ta(2)/[Pt(2)/CoFeB(1)/Pt(0.4)/Ru(0.9)/Pt(0.4)/CoFeB(1)/Pt(2)/Ta(2)]n, with
thicknesses in nm.
The EA MOKE loops for each samples are presented in Figure 4.6a. As we pre-
viously observed with the uncoupled CoFeB layers in Section 4.2.1, the increase in n
causes the magnetic transitions to lose sharpness. We quantify this through the spread
in switching field, as shown in Figure 4.6b, which shows a distinct increase with n.
At the two ends of the spectrum, the switch of n = 1 sample starts at ∼1.63 kOe
and finishes at ∼1.66 kOe, while the n = 10 switching occurs across ∼ 1.54–1.98 kOe.
Additionally, we can see in Figure 4.6b that the alterations to the shape of the hystere-
sis translates through to the effective coupling HJ , which decreases with increasing n.
Contrary to the uncoupled CoFeB stacks, the strongest contributor to the changes in
(a) MOKE (b) Fields
Figure 4.6: (a) MOKE loops of a SAF stack series, with film grown in the form
Ta/[Pt/CoFeB/Pt/Ru/Pt/CoFeB/Pt/Ta]n, where n is the number of repeats. (b)
The trends in (top) effective coupling field HJ and (bottom) switching field HS (bot-
tom) with n. For HJ , a linear fit is added to guide the eye. The error bars for HS
represent the range of field from the start to the end of the magnetic switches.
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hysteresis of the SAF multilayers is roughness. The Ta/Pt buffer motif magnetically
decouples each SAF layer, preserving the strong magnetic anisotropy of the system and
therefore the sharp, spin-flip switching. However, despite the repeats of the Ta smooth-
ing layer, roughness will be translated up the ever increasing stack and increasing the
number of defects, as has been seen in similar multilayer heterostructures [10, 15]. This
leads to an increase in domain wall pinning, but also a distribution in HJ and HC across
the different CoFeB pairs. The larger the multilayer, the greater the distribution will
become, which induces a smearing in the overall switching fields of the SAF film.
Nevertheless, the switching of the SAFs remains tunable and relatively efficient,
the OOP anisotropy is preserved and the repeated bilayer motif successfully increases
moment. These multilayer films are therefore strong candidates for the production of
magnetic particles in mechanical actuation based applications e.g. magneto-mechanical
destruction cancer therapies [11].
Magnetic stacks with multiple switches
For some applications, it could be beneficial to employ a film or particles that undergo
multiple magnetic switches across an applied field range. This mainly includes magnetic
sorting, in particular multiplexed sorting. Initially, this concept was tested with a
dual bilayer, PM SAF grown in the form Ta(2)[/Pt(2)/CoFeB(0.9)/Pt(tP t)/Ru(0.9)/
Pt(tP t)/CoFeB(0.9)/Pt(2)/Ta(2)]2 with thicknesses in nm and where tP t = 0.45 and
0.3 nm such that the top layer exhibited stronger RKKY coupling than the bottom.
The EA MOKE and VSM measurements of the sample are presented in Figures 4.7a
and 4.7c respectively. We observe a conservation of the sharp switching behaviour, for
two pairs of distinct switches at very different applied field values. By measuring the
individual minor loops, we can calculate the coupling and coercivity for each bilayer:
HJ1 = 1370 Oe, HC1 = 130 Oe, HJ2 = 2520 Oe and HC2 = 170 Oe, where layer 1 is in
the bottom bilayer and layer 2 is in the top bilayer.
By reducing the thickness of the CoFeB layers (tCoF eB) we can increase the cou-
pling strength induced by the Ru layer: as HJ ∝ tCoF eB (see Section 2.1.2), the RKKY
coupling can be ‘diluted’ by increasing magnetic layer thickness [8]. This increases the
range of Pt interlayer thicknesses that are accessible to us for the creation of a multi-
layer SAF stack with multiple coupling strengths. First, a SAF thin film comprising
of three different bilayers was grown in the form Ta(2)[/Pt(2)/CoFeB(0.6)/Pt(tP t)/
Ru(0.9)/Pt(tP t)/CoFeB(0.6)/Pt(2)/Ta(2)]3, with thicknesses in nm and where tP t =
0.55, 0.4, 0.3 nm. Again we observe a hysteresis loop containing distinct transitions
for each of the bilayers, as shown in the MOKE and VSM in Figures 4.7b and 4.7d
respectively. The two lower field switches retain their sharpness, however the highest
coupled bilayer exhibits some smearing in the parallel-to-antiparallel (P–AP) transi-
tion, which is likely caused by a combination of the particularly thin Pt interlayer and
increased roughness in the upper layers of the magnetic stack, which will lead to a
higher chance of domain wall pinning. Despite this, it is still possible to access three
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(a) MOKE (b) MOKE
(c) VSM (d) VSM
(e) VSM
Figure 4.7: The MOKE, (a) & (b), and VSM, (c) and (d), EA loops of the double and
triple SAF bilayers respectively. (e) The EA VSM response of a SAF film comprised
of ten bilayers with different coupling strengths.
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individual MOKE loops within the sample, which allow us to calculate the field pa-
rameters for each bilayer: HJ1 = 1190 Oe, HC1 = 170 Oe, HJ2 = 2480 Oe, HC2 = 160
Oe, HJ3 = 3580 Oe and HC3 = 280 Oe.
Finally, it was considered whether it were possible to create a multi-bilayer SAF
stack comprising of a much larger number of coupled bilayers. Utilising the thinner 0.6
nm CoFeB layers and a range of Pt interlayers that theoretically provided well spaced
coupling values, such that transitions did not merge, a 10× bilayer film was grown in the
form Ta(2)[/Pt(2)/CoFeB(0.6)/Pt(tP t)/Ru(0.9)/Pt(tP t)/CoFeB(0.6)/Pt(2)/Ta(2)]10,
with thicknesses in nm and where tP t = 0.75 − 0.3 nm (steps of 0.05 nm). Due to the
relatively large thickness of this magnetic stack, it was not possible to effectively probe
all of the bilayers with our MOKE system. However, an EA VSM loop, shown in Fig-
ure 4.7e, revealed the existence of a hysteresis loop with ten individual switches in the
anti-parallel-to-parallel (AP–P) direction. As observed with the triple bilayer sample,
the weaker coupled layers (towards the bottom of the stack) exhibit relatively sharp
switching, whilst the more highly coupled ones (towards the top of the stack) were more
sloped. This is again more evident for the P–AP transitions, which has lead to some
merging for the highest switching field values. By taking the derivative of the VSM
loop (Savitzky Golay smoothed with polynomial order 1 and a window of 10) we find
peaks that are associated with each of the transitions made by the 10× bilayer SAF.
Figures 4.8 displays the results for the rising and falling field data within the 0−5 kOe
applied field range. The individual switches seen in the VSM loop during the AP–P
transitions have translated to ten distinguishable peaks in the derivative plots (Figures
4.8a and 4.8b). The P–AP transitions only produce eight distinguishable peaks, as
expected from the smearing found in the VSM loop. By applying a Gaussian fit to
these peaks, as shown in blue and red, we can calculate the mean and full width half
maximum (FWHM) of each of these peaks, which represent the centre and spread of
each of the SAF transitions. Figure 4.8c displays the results for each of the fitted peaks
in the rising and falling field data. In both cases the peaks, and thus transitions, found
in the lower applied fields have narrower FWHMs (smaller error bars), while the high-
(a) Rising field (b) Falling field (c) Peak data
Figure 4.8: Plots of the derivative of the (a) rising and (b) falling field sections of the
VSM data from the 10× bilayer SAF within the 0 − 5 kOe applied field range wit
Gaussian fits of the visible peaks, with the peak no. indicated above. (c) The mean
field (H) for each of these peaks with the FWHMs plotted as errors.
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est field transitions show a much greater spread (larger error bars). This corresponds
with more extended magnetic transitions, likely due to more nucleation-dominated be-
haviour. This is the result of higher levels of roughness coming from two sources: the
thinner Pt interlayers used to generate the higher coupled bilayers and the translation
of roughness up the large SAF stack.
4.3 Effect of underlayers
Note: all evaporation of Ge for samples in this work was performed by T. Vemulkar
(Prof. Cowburn’s group).
The use of sacrificial underlayers are vital in the fabrication of thin film based
magnetic particles for liquid applications: once produced, particles must be lifted off
substrate, which requires some sort of release mechanism. In choosing a suitable sac-
rificial layer, two key criteria are considered: ease of removal and the effect on the
properties of a film grown on top. Previously, photoresists have been utilised for this
purpose, as they provide a very simple lift off process. However, the organic structure
of photoresists is inherently rough, which can lead to the destruction of the smooth
interfaces exploited in the design of more complex magnetic thin films (e.g. SAFs). Ad-
ditionally, the solvents used to dissolve photoresists are also organic, which necessitates
a series of washing steps to clean up a particle suspension that could lead to a large
decrease in yield. Inorganic underlayers may provide an appropriate alternative here,
namely as providers of relatively smooth substrates and thus limiting effects on mag-
netic properties. Furthermore, many are amenable to the same deposition methods as
our thin films, which may simplify process requirements. This section will explore the
use of two such candidates, Al and Ge, for the production of thin film based particles
comprising PM CoFeB stacks. These are readily dissolved in basic solvents (e.g. NaOH
or TMAH) or hydrogen peroxide (H2O2) respectively, which doesn’t compromise the
ease of lift off and moreover, eliminates the use of organic solvents. On this point,
Ge has an advantage over Al: H2O2 naturally degrades to water, which eliminates the
requirement of any washing steps and thus limits yield loss. By growing a selection of
PM CoFeB based thin films on Al and Ge, and on Si as a reference, an investigation
into the effect of these underlayers on magnetic behaviour was conducted.
4.3.1 Al vs Ge as an underlayer
A series of PM SAF coupled CoFeB bilayers were sputtered on top of sputtered Al,
thermally evaporated Ge and Si to investigate the underlayer effect on their hysteresis.
Two key features that we were looking to conserve, particularly as they are noted as
desirable properties for magnetic particles in liquid applications, were sharp transitions
and a zero remanence state. These originate from perpendicular anisotropy and RKKY
coupling. The thin film stacks were grown in the form Ta(2)/Pt(4)/CoFeB(0.9)/
Pt(tP t)/Ru(0.9)/Pt(tP t)/CoFeB(0.9)/Pt(4)/Ta(2), with thickness in nm. The Pt
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interlayer thickness, tP t, ranged from 0.41 − 0.69 nm to create a series of coupling
strengths. To analyse their magnetic hysteresis, the samples were measured using
MOKE: the results are presented in Figure 4.9. We clearly see that the Al underlayer
has a drastic effect on the easy axis behaviour of the SAFs. The sharpness of the tran-
sitions is completely lost and there is a large increase in coercivity across the range of
samples. This has led to a loss of the zero remanence state in the more weakly coupled
films, which is unfavourable for particles in liquid applications, as it leads to aggrega-
tion. Conversely, the Ge underlayer has a much smaller effect on the hysteresis, when
compared with the Si reference samples. We observe a small decrease in the coupling
fields across the series, a relatively small change in coercivity, and a conservation of
the sharp transitions. These results indicate that Ge is a good, and certainly supe-
rior, option for a sacrificial layer: it appears to ensure the robustness of the thin film
properties and also maintains access to a large range of SAFs with zero remanence.
To further analyse the effects that the underlayers have on the hysteresis of the
SAFs, two key parameters were calculated from the minor MOKE loops: coupling
field, HJ , and coercive field, HC . In Figure 4.10a we observe the characteristic trend
of exponentially decreasing HJ with linearly increasing tP t for all three sets of sam-
ples. Overall, both the Al and Ge samples exhibit slightly lower coupling than the Si
counterparts, where in general HJ(Si) > HJ(Al) > HJ(Ge). The difference between
the Ge and Si samples decreases with increasing tP t, whereas the Al samples have a
more consistent reduction in HJ from the Si equivalents. The variation of coercivity
field, HC , with tP t for the SAF series is shown in Figure 4.10b. For the Ge set, we
observe values of HC that are roughly similar to that of the Si set, with a small rise
over the increasing tP t . In contrast, the HC ’s of the Al samples are much higher than
the others and there is a distinct increase in HC with tP t.
By measuring the series of thin films using a VSM to obtain HP hysteresis loops, we
can additionally calculate the anisotropy field, HK . There is no particular relationship
found between tP t and HK for any of the samples. However, the samples grown on
(a) Si (b) Ge (c) Al
Figure 4.9: Major and minor EA MOKE loops of a SAF film series, grown in the form
Ta(2)/Pt(4)/CoFeB(0.9)/Pt(tP t)/Ru(0.9)/Pt(tP t)/CoFeB(0.9)/Pt(4)/Ta(2), with
varied Pt interlayer thickness (tP t). The series was grown on top of (a) Si, (b) Ge
and (c) Al.
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(a) HJ (b) HC (c) HK
Figure 4.10: Variation of (a) coupling (b) coercivity and (c) anisotropy with Pt inter-
layer thickness, tP t, for the SAF series grown on Si, Ge and Al.
both Ge and Al exhibit lower values of HK than the Si counterparts. As the PM state
of the system is dependent on interlayer interactions, an increase in texturing could
reduce the strength of these interactions and thus the strength of the OOP anisotropy.
Roughness analysis
To probe the origin of the hysteretic changes with the different underlayers, AFM was
used to assess the topography of the substrates. The images produced are presented
in the top row in Figure 4.11a; we observe significantly greater texturing in the scan of
the Al in comparison to Ge, with the Si appearing the smoothest. This translates into
the root mean squared (RMS) roughness, calculated from the scans using Gwyddion
analysis software and displayed in Figure 4.11a, whereby the value for Ge (1.32 nm)
is slightly higher than that of Si (0.23 nm), but the Al shows much greater roughness
(4.28 nm). We achieve the same findings upon the assessment of the top Ta layer of a
SAF (tP t = 0.69 nm) grown on top of each substrate, as shown in the bottom row of
Figure 4.11a.
Furthermore, Gwyddion was used to find the radial power spectral density function
(PSDF) profiles for each of the substrate scans. As we can see in Figure 4.11b, not only
does the Al sample generally exhibit higher magnitudes of roughness (Wr), it also shows
a high level of roughness in the 10−20 nm. This is significant as this is the length-scale
associated with nucleation and propagation of domain walls in perpendicular films [12].
Such roughness does not manifest in the Ge sample, with values more comparable to
Si. These findings account for the changes in the hysteresis loops of the SAF films
grown on the different substrates: the magnetic properties of a perpendicular SAF
strongly depend on the interfaces between each layer in the film. Thus, changes in
roughness have a direct impact on the domain wall dynamics during magnetic reversal.
Roughness on the length-scale associated with domain wall motion parameters will
have an effect on whether a transition is nucleation or propagation dominated: a
large number of defects will induce a more nucleation dominated transition, which
characteristically has a more extended switching field, as we observed in the Al samples.
A more propagation dominated transition, where the domain wall motion is rapid,
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(a) Topography scans
(b) PSDF
Figure 4.11: (a) AFM topography images of the substrates, Si/Ge/Al, and of the top
Ta layer of a SAF bilayer (tPt = 0.69 nm) grown on top of each substrate. The root
mean squared roughness (Rrms) is note below is respective image. (b) The radial PSDF
profiles taken from each of the substrate scan in (a), where r is radius and Wr is the
radial PSDF, representing roughness at different length scales.
produces sharp transitions, as observed in the Si and Ge samples. This result provides
more support for Ge as suitable candidate for a sacrificial layer in the production of
thin film based magnetic particles.
4.3.2 SAF behaviour on Si vs Ge
Having eliminated Al as a potential sacrificial layer, with the results in the previous
section showing Ge to be a superior option, further experiments were made to inves-
tigate the effect of a Ge underlayer on the behaviour of perpendicular CoFeB films.
First, single PM CoFeB layers in the form Ta(2)/Pt(2)/CoFeB(x)/Pt(2)/Ta(2), with
thicknesses in nm and where x = 0.6−1.4, were grown on top of Si and Ge. The MOKE
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loops taken from each sample are presented in Figure 4.12, which show sharp transi-
tions for all samples, alongside a graph of coercivity versus CoFeB thickness (tCoF eB).
From these data we find that both sets of films exhibit an decrease in HC with increas-
ing tCoF eB. The Ge sample set gives HC values that are consistently higher than the
Si counterparts, with a slightly steeper slope compared with the Si set. This is con-
sistent with previous findings: slightly increased roughness in the films, generated by
the Ge surface, leads to greater domain wall pinning in the samples during a magnetic
transition.
(a) 0.6 nm CoFeB (b) 0.8nm CoFeB (c) 1.0 nm CoFeB
(d) 1.2 nm CoFeB (e) 1.4 nm CoFeB (f) Coercivity
Figure 4.12: (a)–(e) MOKE loops from a single layer series grown in the form
Ta(2)/Pt(2)/CoFeB(x)/Pt(2)/Ta(2), where CoFeB thickness, x, was varied from
0.6 − 1.4 nm. (f) The relationship between CoFeB thickness and HC , with linear
fits added to guide the eye.
Domain imaging
Next, domain imaging of the thin films, using polar Kerr microscopy, was used to
thoroughly probe the nucleation and propagation behaviour that drive the PM CoFeB
transitions. To begin with, a single layer of 0.9 nm PM CoFeB that had been grown on
Si and Ge was imaged: a series of snapshots are displayed in Figure 4.13. Both sets
of images show single nucleation sites, in the field of view, followed by rapid domain
wall propagation; the single PM CoFeB experiences propagation-dominated switching,
corresponding to the sharp MOKE switches.
Figure 4.14 shows a series of domain images from a pair of the SAF samples from
Section 4.3.1 with tP t = 0.5 nm, taken during the AP–P transition. Here, we observe
a number of nucleation sites, which are likely the result of the ultrathin Pt interlayers
that will have added significant texture to the thin film. These small domains then
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(a) Si
(b) Ge
Figure 4.13: The Kerr domain images of a single layer of 0.9 nm PM CoFeB grown on
(a) Si and (b) Ge. Scale bar is 100 μm.
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(a) Si
(b) Ge
Figure 4.14: Kerr microscopy domain images of SAFs switching from the AP to P state
for bilayers grown on (a) Si and (b) Ge. The Pt interlayer thickness is 0.5 nm. Scale
bar is 100 μm.
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quickly merge together, generating the rapid domain wall propagation that results in
the sharp MOKE transitions discussed previously. These results are consistent with an
earlier study of domain wall dynamics in coupled CoFeB multilayers, with ultrathin Pt
interlayers, where transitioning from the AP–P state was found to occur via a relatively
high density of domains [10].
Comparison of SAF switches
Earlier work [10] found that there was a relationship between the thickness of the Pt
interlayer and the domain wall behaviour during the AP–P transition: namely that for
highly coupled films, with thinner Pt, nucleation of a higher density of domains was
seen, whilst less coupled samples transitioned via single domains. Since reversal during
AP–P transitions is dominated by local FM or low AF couling, this behaviour was at-
tributed to an increased density of pinholes with decreasing Pt thickness. Additionally,
the study discovered a difference in the behaviour of transitioning from the AP–P state
versus the P–AP state: the P–AP transition always occurred via the nucleation of a
single domain, similar to a single layer CoFeB sample. This was explained by the na-
ture of P–AP transitions, where domain nucleation is generated by local areas of high
AF coupling, which is not caused by pinholes. Using our set of SAF samples, grown
on Si and Ge with a series of values of tP t, we investigated whether the Ge underlayer
has an effect on these behaviours.
Figure 4.15 presents snapshots of the domain pattern of SAFs switching for both
the AP–P and the P–AP transition, for five different tP t’s, comparing samples grown
on Ge with those on Si. Focusing on the AP–P transition (Figure 4.15a) we observe
the same relationship between tP t and domain pattern as was previously found [10]:
increasing nucleation sites with decreasing tP t. This somewhat corresponds with the
pattern observed in the Ge samples: there is a decrease in the number of nucleation
sites between the tP t = 0.41 nm and tP t = 0.48 nm samples. However, the rest of
the sample series continues to transition via multiple nucleation sites within the field
of view, with not even the thickest tP t sample transitioning through the propagation
of a single domain in the way that the equivalent Si sample does. This indicates
that for the thinnest tP t Ge samples, the characteristics of the transition are driven
by the texturing from the ultrathin Pt, which will create large numbers of defects.
These growth defects are likely to manifest as pinning sites, which limit domain wall
propagation, and pinholes in the interlayer motif, which create local regions of FM
coupling between the CoFeB layers and thus nucleation sites for the AP–P transition.
However, as tP t increases the film becomes smoother and the number of pinning sites
and pinholes reduce. However, unlike in the Si samples, there is a contribution from the
Ge texturing, which prevents the shift towards single nucleation sites and propagation
dominated AP–P transitions.
With regards to the P–AP transition (Figure 4.15b), we again observe analogous
results to the previous work for our Si substrate samples: domains propagate rapidly,
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(a) AP–P
(b) P–AP
Figure 4.15: Snapshots of Kerr microscopy domain imaging of SAFs switching from the
AP–P or the P -AP state. Images shown for samples grown on both Si and Ge, with
a range of Pt interlayer thicknesses (noted above the images). All images are shifting
from black to white. The scale bar is 100 μm.
originating from a single nucleation site in the field of view, for all values of tP t [10].
Conversely, the Ge samples exhibit variation in domain dynamics across the range of
tP t. The Ge sample with the thickest Pt interlayer shows similar behaviour to the
Si counterpart: a large sweeping domain appearing to originate from one local nucle-
ation site. However, as tP t is reduced the number of nucleation sites in the field of
view increases, but for thicknesses down to 0.55 nm the domains continue to prop-
agate to complete the P–AP transition. On the other hand, the two samples with
the thinnest tP t exhibit nucleation dominated transitions: speckled nucleation sites
increase in number over time, with no manifestation of domain wall propagation. A
possible explanation for this behaviour is orange peel coupling. Here, relatively long
wavelength roughness (as was found for Ge) in a film with high OOP anisotropy cre-
ates local sites of strong AF coupling [13]. These act as nucleation sites that drive
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nucleation dominated magnetic reversal. This is manifested more in the films with
thinner tP t where there will be an increased number of defects (including pinning sites
and local variation in coupling strength), which will cause the layer to nucleate a lot
of separate domains before it can reverse completely.
4.3.3 Field sweep dependent switching of SAFs on Ge
Observation of AP–AP transitions in highly coupled SAFs
Kerr microscopy domain imaging was performed on a new series of SAF bilayers that
were grown on Ge (electron beam evaporated) with the form Ta(2)/Pt(2)/CoFeB(0.9)/
Pt(tP t)/Ru(0.9)/Pt(tP t)/CoFeB(0.9)/Pt(2)/Ta(2), where tP t was in the range 0.37−
0.64 and thicknesses were in nm. Snapshots of the domain behaviour during the dif-
ferent transitions of each sample are displayed in Figure 4.16. As we found previously
(see Section 4.3.2), there is a clear difference in domain dynamics between the AP–P
and P–AP transitions: the P–AP switches are generally occurring via the propagation
of large domains, while the AP–P switches involve more numerous nucleation sites.
Furthermore, we discover a third transition in the three thinnest tP t samples, which
exhibits a lower contrast between states; a more complete series of the domain images
for the tP t = 0.42 nm sample can be found in Figure A.1 in the Appendix, where the
contrast is kept the same across the set. The middle transition exhibits large domains
with propagation driven dynamics. Additionally, we find a very similar domain pat-
tern during the AP–P and P–AP transitions, which indicates that the same layer is
switching in both cases. These results strongly suggest that this extra transition is an
AP–AP transition, whereby the top and bottom CoFeB layers simultaneously switch
direction.
Figure 4.16: Snapshots from domain imaging of SAFs grown on Ge highlighting the
P–AP, AP–P and AP–AP transitions across a range of tP t (noted above the images).
All images are shifting from black to white. The scale bar is 50 μm.
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The coercivity of these PM SAF systems are highly dependent on field sweep rate
(FSR), due to the magnetic reversal being a thermally activated process. At low FSR
the system spends more time at a particular applied field and therefore has a higher
probability of switching magnetically, which induces a lower switching field and thus a
lower coercivity. The FSR used while taking these domain images is particularly slow,
due to the quasi-static nature of the field application. Hence, to investigate whether
FSR has an effect on the presentation of the AP–AP transition, we took MOKE loops
of the tP t = 0.42 nm sample across a range of field sweep rates, as presented in Figure
4.17. Here, the highest FSR (7.6 kOe/s) is similar to what we generally use to make
MOKE measurements of our thin films, while the lowest (0.08 kOe/s) is as close as
we can get to replicating the quasi-static type field application during domain imaging
(using the minimum field frequency of the system, 0.005 Hz).
For the four highest FSR loops, we find the characteristic decrease in coercivity
with decreasing FSR. An additional transition then appears in the 0.79 kOe/s loop.
As we decrease the FSR even further, we see this additional transition slightly shift
towards zero field. As MOKE is a depth dependent measurement, it allows us to
distinguish the switching of the top CoFeB layer (higher Kerr signal) from the bottom
CoFeB layer (lower Kerr signal). Looking at the heights of the transitions in the loops
with the added switching, it appears that the larger two measure a similar level of
Kerr signal, indicating that it could be the same layer switching. From this we infer
that the additional, third transition is in fact an AP–AP transition and thus that both
the AP–P and P–AP involve the bottom layer switching. This corresponds with the
findings in the domain images.
As has been shown, both in Section 4.3.1 and in earlier work [16], underlayers can
have large effects on the magnetic properties of CoFeB thin films. Here, the bottom
layer of CoFeB is grown on top of the buffer layers (Ta/Pt), whilst the top layer is
grown on top of the interlayers (Pt/Ru/Pt). By using particularly thin Pt interlayers
we generate increased numbers of growth defects. Additionally, there tends to be a
general degradation of structure conditions up a multilayer stack [10, 15]. We envisage
that altogether, this could cause an inherent imbalance in the two CoFeB layers and
leads to one of them having a slightly higher moment (M+) than the other (M−), an
example of this is shown in Figure 4.18a. The imbalance induces differences in energy
in the two AP states, under the application of a magnetic field. This gives rise to the
potential for transitions between the AP states.
We have observed that the AP–AP transition is mediated by domain wall motion,
however its existence is not trivial. Neither the anisotropy nor the coupling energy
favour one of the two AP states, and a switch from one AP state to the other cannot
be initiated by local defects with high AF or high FM strength. However, in the case
of an AF coupled film with a moment imbalance, the Zeeman energy will favour the
alignment of the M+ layer with the field, and thus one of the AP states over the other.
This explains why the switching of the M+ layer might be induced, but not why M−
layer also switches.
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Figure 4.17: MOKE loops across a range of FSRs for the film with tP t = 0.42 nm.
It could be thought that an AP–AP transition might be caused by the flipping of
the M+ layer (to align with the field), immediately followed by the M− layer due to
the AF coupling making the AP state favourable. However, in a spin-flip transition,
the switching field of an M+ layer will occur at a high enough field that it would not be
desirable for an M− layer to switch into an AP alignment with the field. This concept
cannot therefore explain the manifestation of an AP–AP transition.
An alternative theory starts with the assumption that there is the formation of a
dual AP state at remanence: the majority of the film exists in in the top-up/bottom-
down state, while a small region is in the top-down/bottom-up state. It has been
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(a) VSM of imbalance (b) AP–AP mechanism 1
Figure 4.18: (a) The moment imbalance (∼7%) depicted in the VSM loop of the
tP t =0.48 nm SAF from bilayer series in this section. (b) A schematic of the AP–AP
transition mechanism originating from a dual AP state. The arrows in the blue (up)
and orange (down) regions represent the direction of moment in the two imbalanced
layers of CoFeB. H represents the applied field direction. The orange and blue arrows
indicate the direction of domain wall propagation.
postulated that this could be caused by some thickness inversion in the magnetic layers,
originating from growth defects [4]. This localised area of opposite AP state would
cause domain walls to form in both layers and could constitute a AP–AP nucleation site.
As an applied field is increased, the domain walls will want to propagate to minimise
the energy of the system. Additionally, the Zeeman energy is favouring the AP state
which maximises M+ layer alignment with the field. However, the AF coupling makes it
beneficial for the domain walls to remain bound, and so they propagate simultaneously,
in the direction that best minimises the Zeeman energy. This model is summarised in
the schematic in Figure 4.18b.
The fact that the AP–AP transition has manifested in our samples with the strongest
coupling is consistent with an unpublished study [4]. The theory behind this is that
for the domain walls to propagate together, they must be strongly enough coupled for
this to be energetically favourable. Additionally, the FSR dependence of our AP–AP
transitions, i.e. their manifestation only at sufficiently low FSR (highlighted in Figure
4.17), is also consistent with the previous study [4]. This is due to the inherent depen-
dence of coercivity on FSR: both the AP–AP and the AP–P switches have a coercivity
that decreases with decreasing FSR. As there is a greater rate of change in the AP–P
coercivity, when FSR is increased there is eventually a point when the AP–P transition
occurs at a lower applied field than a potential AP–AP transition. Thus, the AP–AP
transition is extinguished and the AP–P transition occurs via the opposite layer, as we
found.
The presence of an AP–AP transition in a PM SAF film would be interesting in
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the field of magnetic memory. Domain walls between multiple AP states have already
been used for race track memory [18].
Reversal of switching order in weakly coupled SAFs
A set of PM SAFs weakly coupled via the 2nd AF peak were grown on Ge with the form
Ta(2)/Pt(2)/CoFeB(tCoF eB)/Pt(tP t)/Ru(2)/Pt(tP t)/CoFeB(tCoF eB)/Pt(2)/Ta(2)
where thicknesses are in nm, tCoF eB = 0.8 or 1 and tP t = 0.21, 0.27 or 0.32. To
assess the FSR dependence of their hysteresis, MOKE loops were measured at vari-
ous field frequencies. That of each sample, taken at the minimum (0.02 kOe/s) and
maximum (7.0 kOe/s) FSR, are displayed in Figures 4.19a–4.19f.
As expected, due to the particularly weak coupling of these samples, we did not
find any manifestation of AP–AP transition in these samples. However, we did find
some differences in switching layer order. The loops in 4.19a, c and d all display the
(a) 0.21 nm (b) 0.27 nm (c) 0.32 nm
(d) 0.21 nm (e) 0.27 nm (f) 0.32 nm
Figure 4.19: MOKE loops for the maximum and minimum values of FSR for the (a)–
(c) 0.8 nm and (d)–(f) 1 nm CoFeB samples, across three different values of tP t (0.21
nm, 0.27 nm and 0.32 nm).
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same order of switching at both values of FSR: the top CoFeB layer switches P–AP
and the bottom switches AP–P. At the higher FSR, the loops in b, e and f switch in the
same way: top P–AP and bottom AP–P. Conversely, at the lower FSR, the loops in b,
e and f exhibit a reversal in layer switching: the bottom layer switches P–AP and the
top layer switches AP–P. This indicates that we have discovered, for this small subset
of 2nd AF peak PM SAFs, the potential for FSR controlled selective layer switching.
This phenomenon was previously demonstrated in AF coupled PM bilayers com-
prised of a Co-CoFeB layer pair, with different proximities to the SRT and an ap-
propriate coupling value [3]. By using that particular film design, which created a
highly-asymmetric SAF, an overlap in the FSR dependence curves for the two differ-
ent layers was generated. This meant that at different applied field frequencies, the
probability of which layer switched first was modulated, and dynamic field control of
the layers was made possible.
In the case of our 2nd AF SAFs, the thin film stack has not been designed with a
large asymmetry. VSM reveals a small imbalance in the CoFeB layer pairs, in the region
of a 5–7% difference, as was observed in the 1st AF SAFs earlier (see Figure 4.18a).
However, this is certainly not a large enough imbalance to cause a crossover in the
sweep rate dependence curves like that exploited in the previous work. Nevertheless, it
has been made clear that the use of particularly low tP t, which in this case is close to
the atomic radius of Pt, generates large numbers of growth defects in a SAF film. These
defects have significant consequences on the domain dynamics of the individual CoFeB
layers, as they drive nucleation and can limit propagation. At high FSR transitions
tend towards nucleation-dominated behaviour. This is due to the FSR being so high
that new domains nucleate before existing domains have had the time to propagate,
causing a multi-domain transition. Hence, the order of switching is determined by the
layer with the lowest nucleation field. At low FSR, where the transitions are more
propagation-dominated (as the FSR no longer takes over domain propagation), a large
number of pinning sites might cause the order of switching to instead be determined by
the layer with the lower propagation field. If the layer with the lower nucleation field
does not also have the lower propagation field, this could generate an FSR dependence
in switching order. This concept is consistent with the switching order observed in our
MOKE loops: in the samples that exhibit a change in switching order, we find that
at high FSR the top layer switches first, but at low FSR the bottom layer switches
first. This makes sense, as we expect more defects to be present in the top CoFeB layer
(grown on the sub-nm Pt interlayer and further from the Ta/Pt buffer), in the form of
nucleation and pinning sites.
Although this phenomenon is not yet reproducible, having come about randomly
through the occurrence of a series of particular defects in a sample, it seems there is the
potential to recreate it seeing as it has manifested in three of the six samples analysed
in this section. The ability to select the switching order of a SAF through controlling
the FSR could be exploited in areas such as sensing and data storage.
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4.4 Conclusion
By taking the established concept of using PM SAFs for biological applications, this
chapter has demonstrated how we can build on the flexibility of this type of thin film.
The findings extend the scope for tuning the properties of PM SAFs, exhibiting how
they can be tailored towards different purposes.
We studied how changing different components of the multilayer stack influences its
magnetic behaviour. We show that repeats of the bilayer can be used to generate an
increase in magnetic moment, which could be beneficial for torque based applications.
By manipulating the interlayer motif we exhibit coarse and fine control of the magnetic
switching characteristics, through the Ru and Pt thicknesses respectively, which is key
in fields such as magnetic sorting. This lead on to the engineering of multi-bilayer thin
films with multiple switching fields, an interesting concept for multiplex sorting.
We explored the effects of additional parameters on the magnetic transitions of PM
SAFs. A focus was made on underlayers due to their necessity in the fabrication of
magnetic particles for liquid applications. Ge was established as a strong underlayer
candidate for the production of robust SAF films. Nonetheless, it was also found to
have some interesting effects on domain dynamics. Additionally, by exploiting the
FSR dependence of PM SAFs, some interesting phenomena were uncovered: AP–AP
transitions in highly coupled SAFs and dynamic selective switching in 2nd AF peak
SAFs. Films displaying these types of behaviours could be used in applications such
as race track memory or sensing and data storage respectively.
Overall this work provides a robust toolbox for the design of PM SAFs to be used
in a wide range of applications, including those in a biological environment.
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The use of magnetic particles in biological and other fluidic environments has become
increasingly widespread, with applications including cancer therapy, drug delivery, con-
trast agents and tissue engineering [11, 22]. These applications exploit a variety of prop-
erties exhibited by magnetic particles, for example: heat generation is used for magnetic
hyperthermia cancer therapy [6, 40]; mechanical activation is utilised in the manipu-
lation and control of cells and proteins [20, 31], and also in mechanically destructive
cancer therapies [26, 45]; and magnetic switching and capture has been employed across
cell separation, bio-molecule isolation and purification techniques [8, 10, 23, 31, 32].
With such a diverse array of potential applications it is beneficial to be able to tai-
lor the particles to an individual situation and maximise their efficacy and efficiency.
Therefore, engineering particles that allow for flexibility in design is highly desirable.
This flexibility extends not only into the magnetic properties, but the size and shape
of the particles must also be considered.
When designing a magnetic particle for a particular application, there are a number
of characteristics that should be considered to optimise efficacy. In biological, or other
liquid, environments it is necessary to engineer particles that are stable in fluid such
that they will be well dispersed and not agglomerate. Surface functionalisation tech-
niques can be successful at minimising or eliminating dipolar interactions [9, 12, 15, 49],
however, they add significant processing steps to particle production. Thus, it is more
convenient to engineer particles with a net zero moment. A low susceptibility is also
desirable, as this will prevent the possibility of particles staying agglomerated after the
application of an applied field [25, 33]. The second key characteristic for flexible design
is an easily and widely tunable particle; the potential to control multiple parameters of
the magnetic state of a set of particles allows them to be used effectively for a variety of
applications. Such parameters include: the magnetic moment, particularly for the pur-
pose of applying torques; and the activation or saturation field, preferably with a sharp
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and efficient switch [38]. Finally, for the purpose of transduction of torques, particles
with a strong magnetic anisotropy (e.g. strong uniaxial anisotropy) are significantly
more efficient [45].
So far, superparamagnetic iron oxide nanoparticles (SPIONs) have been the major
candidates for biological applications [11, 14, 22]. SPIONs are produced via a relatively
simple chemical synthesis method, which has been successfully industrialised, and are
naturally of a biologically relevant size. However, their simplistic magnetic state limits
their tunability and can also lead to some undesirable effects. As we can see from
the example hysteresis loop in Figure 5.1a, SPIONs generally exhibit a zero remanent
state, although high field sweep rates induce a coercivity (as exploited in magnetic
hyperthermia), which could lead to particle agglomeration due to their high suscep-
tibility [25, 49]. Additionally, SPIONs can also be prone to agglomeration through
surface interactions due to their small, colloidal state, without significant engineering
[9, 12, 15, 44, 49]. The simple SPION magnetic state does not allow for control when
it comes to switching field, and the potential for increasing moment is very limited as
it doesn’t take much to transform particles into ferromagnets.
Another type of magnetic particle that has been implemented in biological appli-
cations is magnetic vortex (MV) microdiscs, favoured for their high magnetic moment
and ease of fabrication [26, 31, 33, 42]. The hysteresis loop of such particles is dis-
played in Figure 5.1b. Here, we also have a zero remanence state and a relatively low
susceptibility, which limits particle agglomeration [33]. These particles offer a range
of diameters and thicknesses, although they are somewhat limited in size and aspect
ratio as the existence of the vortex state is driven by the disc dimensions [5]. Namely,
there is little scope for tuning of particle structure or magnetic switching.
In-plane synthetic antiferromagnetic (SAF) particles, address some of the issues
seen with SPIONs and MV discs: they exhibit zero remanence, can be designed to
have low field susceptibility and offer a level of tunability for applications [18, 24].
Additionally, they will, in principle, produce larger torques than MV particles [33].
However, they have been shown to suffer from self-magnetisation after the application
of a magnetic field if their susceptibility is too high (see Section 6.4.1) and are more
difficult to fabricate than MV discs [25, 33].
Conversely, research into perpendicularly magnetised (PM)/out of plane SAF par-
(a) Superparamagnetic (b) Magnetic vortex (c) PM SAF
Figure 5.1: Hysteresis loops of different types of magnetic particles. (b) is taken from
[43].
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ticles has shown them to be a promising answer to all of the desirable characteristics in
liquid based applications, along with providing a flexible particle structure that allows
for finer control in activation and assembly [38, 46]. The PM SAF state, as shown in
Figure 5.1c, provides the key combination of zero remanence and low field suscepti-
bility, which prevents particle agglomeration and aggregation even after application of
fields. It is also relatively trivial to increase the magnetic moment of these discs, with-
out compromising zero remanence, to maximise the transduction of mechanical forces.
The strong uniaxial anisotropy exhibited by the PM state provides two advantages: the
driving of sharp magnetic switches, which makes particle activation efficient; and more
effective mechanical actuation and torque production under applied fields [45]. Finally,
the engineered SAF state provides a high level of tunability [38], allowing the possibil-
ity to adapt particles for different applications. Previous work has demonstrated PM
SAF particles as strong candidates in magneto-mechanical cancer therapies [45] and
there is potential for their self-assembly behaviour in liquid to be exploited in areas
such as microfluidics, biosensing or soft-robotics [46].
As previously mentioned, size and structure should also be considered when design-
ing magnetic particles towards a particular application: it would be advantageous to
be able to fabricate particles in a wide range of sizes. Particularly in biological environ-
ments, when particles may need to be taken up by cells or attached to submicroscopic
proteins, the ability to create particles in the nanoscale may be necessary. To date,
one limitation of PM SAF particles is size: although methods for the production of
microdiscs have been well developed, obtaining good yields of well defined particles
on the nanoscale has been a challenge. This chapter will discuss a new method for
the fabrication of thin film based nanodiscs, which will allow access to a substantial
range of disc sizes and thus enables PM SAFs to be tailored to a multitude of biologi-
cal applications. The technique manufactures high yields of well-defined, magnetically
robust magnetic particles on a sub-micron length-scale. PM SAF particles, created
via this method, will then be characterised: including studies on how this magnetic
state is effected by the patterning process and an exploration of the consequences for
tunability towards liquid based applications.
5.2 Fabrication of thin film based nanodiscs
Conventional magnetic particles used for biological and fluid applications, SPIONs, are
produced using a highly efficient chemical synthesis method that is successfully indus-
trialised. Research into the use of thin film based magnetic particles has been going for
a few years, which has revealed some very interesting and desirable properties for these
types of applications. However, a fabrication method for such particles that is able to
compete with the yields (for the purpose of therapeutic applications), the reliability and
the uniformity that has been established for SPIONs has been challenging to establish.
For a fabrication process to be viable for future commercialisation, the product needs to
fulfill the following parameters: robust and reliable magnetic properties; a well-defined
72 Perpendicularly magnetised nanodiscs
and consistent particle shape, fit for application; a range of particle sizes, with access
to the nm range; a relatively simple series of processing steps; and high yield. So far,
the methods used to produce thin film particles have been successful at achieving some
or most of these parameters, but never all of them. In this section, a selection of these
methods will be outlined and discussed. A new fabrication methodology will then be
presented, which has been designed to deliver all of the necessary requirements for the
successful manufacturing of thin film based magnetic nanoparticles.
5.2.1 Lithography techniques
Optical lithography
Optical lithography is a highly efficient method for producing patterns, which is why it
is widely used in both research and industry applications. This technique has been well
used in this lab for high yield production of PM SAF microdiscs. Here, photoresist was
patterned into pillars of ∼ 2 μm diameter, a SAF stack was sputtered on top and then
easily lifted off in disc form by dissolving the photoresist in acetone [38], as shown in
Figure 5.2a. The main limitation of this method is size: light resolution prevents the
patterning on the nanoscale. Furthermore, optical lithography is susceptible to focus
and optimal proximity issues, which can create large variations and defects in the
pillar patterning. Additionally, growing the particles directly on top of the pillars can
cause significant defects in particle shape. This is illustrated by the scanning electron
microscopy (SEM) image in Figure 5.2b, where the film deposition has coated both
the top and edges of the pillars, creating large ‘skirts’ on the microdiscs. The second
drawback of depositing onto the pillars themselves, is that it is less trivial to tune the
(a) Optical lithography (b) Microdisc SEM
Figure 5.2: (a) A schematic describing the process for creating magnetic microdiscs
on top of lithographically defined photoresist pillars. (b) SEM images of microdiscs
produced by this method before (top) and after (bottom) lift off.
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magnetic properties of the film. This is because there is a relatively large change in
behaviour between the continuous film and the film grown on top of the pillar, which
is the result of the surface topography of photoresist having a roughness wavelength
on the length-scale associated with the nucleation and propagation of domain walls in
perpendicular films [21].
An alternative use of optical lithography is to create a photoresist mask on top
of a continuous thin film, which can favourably be engineered as desired in magnetic
behaviour, and ion mill away the unmasked areas, as shown in Figure 5.3a. This leaves
behind disc-shapes of the film beneath the resist pattern, on top of a chosen sacrificial
layer. This modifying of the lithography method significantly improves particle shape:
by eliminating the edge features it is possible to produce more uniform discs with the
capability of creating very high aspect ratios (see Figure 5.3b), which may be useful for
some biological applications, including those directly involving cells [19, 41]. However,
the use of optical lithography still limits the resolution of the method, preventing access
to the nanoscale. In addition, photoresist that has been ion milled can be challenging
to remove due to cross-linking: more harmful solvents may be required to dissolve it
and undesirable residues could still be left behind on particle surfaces.
(a) Mill-mask lithography (b) Milled microdiscs
Figure 5.3: (a) A schematic describing the process of creating magnetic microdiscs
from a continuous thin film, by using optical lithography to form an ion milling mask.
(b) SEM images of microdiscs created this way before (top) and after (bottom) lift off.
Hole-mask colloidal lithography
A novel approach to particle fabrication is hole-mask colloidal lithography (HMCL)
[17]. Here, a mask with holes is patterned on top of a sacrificial layer and material
is deposited through the mask to create particles. To make the nm range accessible,
a method using relatively inexpensive, colloidal polystyrene (PS) beads has been de-
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veloped [43]. This method distributes PS beads, using a dropcast method, across the
surface of a two part stack of sacrificial layers: PMMA on top of Ge. By sputtering the
whole sample with titanium, removing the PS beads and then oxygen plasma ashing,
a mask of holes is created in the PMMA layer. A thin film may then be sputtered into
the holes, and removal of the PMMA layer leaves behind a array of particles on top
of the second sacrificial layer, Ge, which can be dissolved to release the particles (see
Figure 5.4a).
Whilst this technique provides an inexpensive option for the production of thin film
based nanoparticles, it too comes with problems. Firstly, as described, the protocol is
somewhat inefficient: multiple steps of deposition and etching produces a mask with a
relatively low yield of holes. This is namely due to the dropcast application of the PS
beads, as it is challenging to create a particularly dense monolayer of beads via this
method. Secondly, the deposition of material through such small holes causes large
shadowing effects and leads to discs that are not planar in shape (see Figure 5.4b).
(a) HMCL (b) Nanodisc SEM
Figure 5.4: (a) Schematic of a HMCL process previously formulated to create permalloy
nanodiscs. (b) SEM images of microdiscs created this way before (top) and after
(bottom) lift off. All images taken from [43].
Nanoimprint lithography
Another, more widely used technique for the production of nanoparticles is nanoimprint
lithography (NIL). This method uses a compression molding approach to create a
thickness contrast pattern in a layer of resist (see Figure 5.5a). The pattern is then
transferred through the full thickness of the resist by anisotropic etching, which removes
any remaining resist in the compressed areas [4]. Nanoimprint stamps are generally
made using electron beam lithography (EBL), thus allowing access to the nanoscale,
but others have also been produced using self-assembled polymer spheres, which results
in a much larger yield per imprint at a reduced cost [18, 27] (discussed further in the
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(a) NIL (b) Nanodisc fabrication (c) Nanodisc SEM
Figure 5.5: (a) A schematic of the NIL process. (b) A schematic of the fabrication of
nanodiscs via NIL, after patterning and film deposition. (c) An SEM image of lifted
off nanoparticles. (b) & (c) taken from [18].
next section). Additionally, the use of a pre-made, reusable stamp makes it possible to
pattern with a high-throughput, making it commercially viable. By creating a mask
of holes on top of a sacrificial layer, as seen previously in the HMCL method, material
deposition can then be used to form releasable magnetic particles in the holes.
A previous study used NIL to create SAF nanodiscs with IP magnetisation [18]:
a schematic of the fabrication process after film deposition is shown in Figure 5.5b.
In this work a double resist layer, on top of a Cu sacrificial layer, was imprinted
with a pattern using a quartz stamp with 100 nm diameter pillars (defined by EBL).
The SAF film was then deposited through the pattern, resulting in 120 nm diameter
magnetic nanoparticles, an SEM image of which is shown in Figure 5.5c. Despite the
large improvement in yield from the HMCL method detailed above, the NIL technique
suffers the same disadvantage: shadowing effects preventing the creation of well-defined
disc shapes.
Nanosphere lithography
Nanosphere lithography (NSL, originally referred to as Natural lithography), is a fast,
high throughput and low cost method for producing regular arrays of nanostructures,
which can be implemented as a lithography mask [1, 2]. The process generally com-
prises three main steps: colloidal mask generation, diameter modulation and lift off.
The HMCL process, detailed earlier, utilised a basic version of this process using the
particularly inexpensive PS beads as the colloidal element [43]. However, this method
does not optimise the self-assembly of the PS beads into arrays: the dropcast method
of bead application limits particle yield and is not highly reproducible. The technique
of spin coating beads to create a colloidal mask has been implemented in previous
studies [34, 36], in particular, a model has been created for the large-area monolayer
coverage of PS beads by spin coating [48]. This comes with a number of advantages:
a large increase in particle yield, the use of a well established industrial technique and
the simple control of array parameters through the tuning of spin speed and acceler-
76 Perpendicularly magnetised nanodiscs
ation. This study went on to utilise their colloidal masks to create different arrays of
nanoholes and nanodots [48], a schematic of the nanodot fabrication process is shown
in Figure 5.6. For the purpose of creating thin film based nanoparticles, this particular
use of NSL suffers from the same issues with shadowing effects as discussed previously.
Figure 5.6: Schematic of creating nanoparticles via NSL.
One way that NSL has already been implemented into the production of thin film
based nanodiscs was mentioned earlier: the self-assembly of PS beads to create NIL
stamps. In one study, the colloidal mask was used directly as the stamp to produce
IP SAF particles [18]. In another, a NSL mask was used to etch a stamp into a Si
substrate, as shown in Figure 5.7, to again fabricate IP SAF particles.
Figure 5.7: Schematic of the fabrication of a NIL stamp via NSL.
5.2.2 Nanosphere lithography with ion milling
Note: all evaporation of Ge for samples in this work was performed by T. Vemulkar
(Prof. Cowburn’s group).
Here I present an updated version of the cost and time-effective fabrication method,
NSL with ion milling [39], and make use of a Ge sacrificial layer [43], which produces
more optimal patterning of robust thin film based nanodiscs. I then demonstrate
how it answers all of the key needs for effective production of SAF nanoparticles,
particularly for liquid and biological based applications. By using the PS beads as
a direct lithography mask, we streamline the protocol while retaining access to the
nanoscale. By implementing the application of beads via spin coating [48], rather than
the dropcast method [43], we significantly increase particle yield. By starting with a
continuous film and using ion milling to form our discs, as was previously developed to
create permalloy particles [39], we are able to create uniform discs, with the potential
for high aspect ratios, from a thin film that has been carefully designed and grown
before patterning. Finally, the choice of Ge as the sacrificial layer ensures that we
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conserve our carefully engineered magnetic properties, without compromising ease of
lift off (see Section 4.3).
The method
A schematic of the complete fabrication process designed for the production of a high
yield of high aspect ratio nanodiscs with a well conserved, PM SAF state is displayed
in 5.8. The first step is to deposit a layer of Ge, of thickness 50 − 100 nm, onto a Si
substrate via thermal or electron beam evaporation. Ge was chosen as the sacrificial
layer for two key reasons: it’s ease of removal in an inorganic solvent (particularly
after ion milling) and, crucially for this application, the similarity in properties of a
magnetic film grown on Ge in comparison with Si (as discussed in Section 4.3).
The PM SAF multilayer stack is then sputtered on top of the Ge. This stack can be
engineered beforehand: by using a top-down approach to the fabrication process and
starting with a continuous thin film, which then essentially has particles ‘cut out’ from
it, we are able to pre-tune the magnetic properties to a greater extent. It is therefore
easier to tailor the magnetic particles towards a particular application, for example by
manipulating their total moment or switching field.
A thin (∼ 5 nm) Al cap is added, which serves two purposes: it promotes adhesion
Figure 5.8: A schematic of the full protocol for the fabrication of nanodiscs. (1) Ge is
evaporated onto Si. (2) The SAF film is sputtered on top of the Ge. (3) An Al layer
is deposited on top of the SAF. (4) PS beads are spin coated across the surface. (5)
Plasma ashing reduces the PS bead size. (6) The PS beads are used as an ion milling
mask and discs of the Ge-SAF-Al stack are made. (7) Sonication in water removes the
PS beads. (8) An Al etch removes the cap. (9) A Ge etch lifts off the nanodiscs into
solution.
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of PS beads and provides an additional sacrificial layer to allow the removal of material
that is redeposited during ion milling. On the first point, the Al cap is plasma ashed
prior to the application of PS beads. This oxidises the top layer of Al and creates a
surface charge, which makes it hydrophilic, promoting the spread of the PS bead solu-
tion, and also attractive to the negatively charged PS beads (via the surface groups).
It was observed during experiments that a good distribution of PS beads across an Al
cap was easier to achieve and more consistent than on the top Ta layer of the SAF
stack. The need of having the Al cap as an additional sacrificial layer is demonstrated
in Figure 5.9: nanodiscs fabricated without a capping layer show distinct features on
their top surfaces, caused by re-deposition of material around the base of the PS beads
during the milling process, which is left behind when the lithography mask is removed.
By utilising an Al capping layer, we can remove this extra material and achieve nan-
odiscs with relatively flat surfaces, as will be discussed later in this section (see ‘Size
and shape’).
The next stage is the formation of the lithography mask, using NSL [48]. The PS
beads used for this purpose are from Polybeadr, Polysicence Inc and have a carboxy-
late or sulphate coating, such that they have a negative surface charge, which aids their
distribution across a substrate. The beads are diluted in deionised water as necessary
(see Table 5.1) and are spin coated using parameters that produce a relatively dense
monolayer. The spin coating recipe consists of two stages: first a slow spin at 200 rpm
to spread out the beads evenly and secondly a fast acceleration (1000 rpm/s) up to the
much higher speed of 8000 rpm to order and adhere, and to remove excess beads. A
bonus of this spin coating method is that it is commercially viable, easily scalable and
simple to tune for particle density. Once attached, the PS beads are oxygen plasma
ashed to partially shrink them, an SEM image of the resulting bead mask is shown in
Figure 5.10a. The timing of this was carefully calibrated to achieve a balance between
minimising size change and creating a sufficient gap between the beads to form a mask
that produces individual discs (see Table 5.1).
Once the lithography mask is formed on top of the full stack, the nanodiscs can be
(a) 2D scan of nanodiscs (b) Line-profile of nanodisc
Figure 5.9: 2D topography scans and line profile (extracted from the white line marked
in (a)) of a set of nanodiscs. Scans were taken after the removal of the lithography
mask and before particle lift-off.
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Diameter (nm) 100 200 500 1000
Dilution 2:1 1:1 1:0 1:0
Ash time (s) 30 60 240 300
Table 5.1: Dilution (beads : water) and plasma ashing time criteria for the PS beads
of different diameters.
‘cut out’ of the thin film. Here, an Ar ion miller is used to etch away the unmasked
regions of the film, leaving behind disc-shaped islands of the film beneath each bead.
We achieve excellent pattern transfer of the 2D projection of the PS beads spherical
shape onto the film. The milling time is calculated so as to just get through the SAF
stack and Al cap, but not to go through the Ge layer. This is to limit the effect the ion
milling has on the magnetic properties of the thin film, which is discussed in more detail
in Section 5.3.1. Additionally, it prevents the melting of the PS beads, making them
significantly easier to remove. Using calibration samples and AFM it was determined
that the Al cap etched at ∼ 0.3 nm/s and a typical SAF bilayer took ∼ 40 s to etch
through, when using the beam parameters of 600 V and 28 mA.
Next the lithography mask is removed. First, sonication of the sample in water
removes the PS bead mask. The Al cap, and thus any redeposited material, is removed
via a short (∼ 60 s) chemical etch with photoresist developer (a tetramethylammonium
hydroxide based solvent). This leaves behind just the SAF discs on the Si/Ge substrate,
as displayed in Figure 5.10b. It is then possible to characterise the magnetic discs
on chip to deduce size, structure and magnetic properties, via measurements such as
MOKE and SEM.
Finally, the particles are lifted off using a H2O2 etch: the sample surface is first
covered in a 35% H2O2 solution for ∼ 1 hr, dissolving the Ge layer. The whole sample is
then submerged in a larger volume (at least 10× H2O2 volume) of deionisied water, to
dilute the solution, and sonicated to aid the release of the discs. The suspension is then
(a) Ashed PS bead mask (b) Milled discs on chip (c) Lifted discs
Figure 5.10: SEM images highlighting three key steps of the nanodisc fabrication pro-
tocol: (a) PS beads arranged as a milling mask across the surface of the Ge/SAF/Al
stack; (b) milled nanodiscs, on chip, with the Al cap removed; and (c) nanodiscs that
have been lifted off and redeposited for imaging.
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left overnight to allow the H2O2 to degrade to water and for the particles to sediment
out. This allows the solution to be concentrated, as required, before further processing
or characterisation. An SEM image of some nanodiscs that were lifted off this way and
then redeposited on a Si chip for imaging is shown in Figure 5.10c. An added bonus
of this fabrication method is that the Ge lift off process fully cleans the Si substrate,
leaving behind a wafer that may be reused for subsequent particle production, which
is highly beneficial from the perspective of reducing manufacturing costs or limiting
consumption of resources.
Size and shape
As discussed, one of the major benefits of this fabrication method is the access to the
nanoscale, which is made possible by utilising colloidal PS beads for the lithography
mask. Figure 5.11 shows a series of nanodiscs made using PS beads with four different
diameters, demonstrating that we can produce discs from the lower limit of optical
lithography, around 1 μm, all the way down to 100 nm. In these images it is seen
that the use of plasma ashing, to separate out the PS beads prior to milling, produces
individual discs with diameters slightly under that of the original beads.
The shape of the nanodiscs can be assessed by AFM prior to their lift off. Figure
5.12a shows a 3D view produced from a topography scan of some 500 nm discs on
substrate. We see that there is some texturing in the top surface of the discs, which
will mostly originate from the Ge (as discussed in Section 1.3.1). However, the discs
(a) 100 nm (b) 200 nm
(c) 500 nm (d) 1 μm
Figure 5.11: SEM images of SAF discs, before lift off, made with PS beads of four
different diameters. All scale bars are 1 μm.
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(a) AFM of discs on chip (b) SEM of lifted discs
Figure 5.12: (a) An AFM scan taken of some nanodiscs before lift off, in 3D. (b) An
SEM image of some nanodiscs that have been lifted off and redeposited onto a Si chip.
have a relatively flat top surface, particularly in comparison to that shown in Figure
5.9. SEM imaging of nanodiscs after their lift off and redeposition, as shown in Figure
5.12b, reveals very close stacking of discs that are thin enough to penetrate with the
electron beam (it is possible to see the outline of discs that are underneath others).
This further demonstrates the capability of producing uniform and high-aspect ratio
nanodiscs.
Yield
For the ideal case of hexagonal close-packed spheres of equal size in 2D (see Figure
5.13a) the packing constant is π
√
3/6 giving a surface coverage of 91%. If we take
our 500 nm PS bead case, where the lithography processing (shrinkage of beads after
application) leads to a particle diameter of ∼ 430 nm, ideal bead packing would lead
to a particle surface coverage of 67%. If we compare this to areas of the most optimal
packing achieved for the 500 nm beads experimentally, an example of which is shown in
Figure 5.13b, Image J analysis gives a surface coverage of 55% (post-bead shrinkage).
Although this is a 12% drop from the idealised case, this comparison shows that our
NSL process is generating relatively high yields of particles.
Optimisation of the bead packing, during the spin coating application, is mainly
(a) Ideal packing (b) 500 nm discs
Figure 5.13: (a) A schematic of ideal, hexagonal close packing of PS beads. (b) An
SEM image of 500 nm nanodiscs with relatively close packing.
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achieved through the spin parameters. The key variable in the spin coating recipe,
which was found to have by far the greatest effect on bead density, is the spin accelera-
tion from the first to the second spin speed: the slower the acceleration, the denser the
beads. The value of 1000 rpm/s was chosen to provide a balance between good bead
density and maintaining a monolayer. The dilution of the PS bead stock solution also
has an effect on the packing density: this was a parameter that was controlled for the
smaller bead sizes (100 and 200 nm), as the original solutions formed multilayers even
with higher spin accelerations. The SEM images in Figure 5.14 show the differences
in bead density across three different dilutions of the 200 nm PS beads. We see the
layering of the PS beads in the undiluted sample, whilst the 1/10 dilution shows large
gaps between clusters of packed beads. The 1/2 dilution, which was chosen to be the
optimal, shows some small blank areas, but the majority of the surface is covered with
well packed beads.
Image J was used to analyse SEM images and calculate particle yield across a
range of different disc sizes, which showed high percentages of coverage by area, as is
displayed in Table 5.2. To compare with previous processes, HMCL of ∼ 100 nm discs
achieved around 10% coverage, yielding just a third of the number produced by this
new method [43]. Furthermore, if we look at the optical lithography based, photoresist
pillar method for making 2 μm discs, this gave ∼ 30% coverage. This could be increased
by using a lithography mask that created a hexagonal arrangement, rather than square
arrangement, of pillars. Allowing for sufficient gaps between pillars (500 nm to ensure
effective pattern transfer) it could be possible to achieve ∼ 58% coverage. Therefore,
our NSL is competitive with the traditional optical lithography technique in terms of
yield, and is superior in the fabrication of discs on the nanoscale.
Size / nm Coverage / % Discs / mm2
100 31 80 × 106
200 41 18 × 106
500 55 4 × 106
1000 50 8 × 105
Table 5.2: Yields achieved by patterning with different sized PS beads.
(a) No dilution (b) 1/2 dilution (c) 1/10 dilution
Figure 5.14: SEM images of spin coated 200 nm PS beads with different dilutions in
DI water.
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5.3 Magnetic properties of particle arrays — the
effect of patterning
Note: all evaporation of Ge for samples in this work was performed by T. Vemulkar
(Prof. Cowburn’s group).
5.3.1 The milling process
Since we are fabricating our magnetic particles via a top-down approach, starting with
a continuous film and then patterning it into discs, it is interesting to look at how the
process of pattering affects magnetic behaviour. Once effort has been put into tuning
the magnetic state of the film, prior to patterning, we wish to carry out the fabrication
protocol with parameters that minimise change. One of the major processes during
fabrication is the ion milling step: this is where the discs are ‘cut out’ of the film via a
large bombardment of Ar ions, which has been shown to cause significant modification
of thin film multilayer properties [37]. Here, the combination of heat, defect induction
and a drastic change in size and shape of the film, has large consequences for the
switching behaviour. This is evident in the MOKE loops taken of arrays of 500 nm
discs, when compared with the original thin film, examples of which are shown in
Figure 5.15. In the following sample series of 500 nm nanodiscs, we wanted to explore
if the milling parameters could be altered so as to minimise the magnetic state change.
Milling power
First we looked into the effect of reducing the milling power, and thus removing the
unwanted material in a more gentle manner, by lowering the ion beam current. Usually
our system is used with a beam current of 28 mA, so we took a film milled with that
parameter and compared it with the same film milled using a beam current of 10 mA
(the lowest stable beam current we could reach on this system). We use intervals of
20 s, separated by 20 s cool down periods, the normal operating procedures adopted
by the lab. The cool down periods are used to allow heat to conduct or radiate away,
since there is minimal convective cooling under vacuum, which prevents the melting
of the PS beads. The total milling time was 40 s or 180 s for the 28 mA or 10 mA
currents respectively (see Section 3.1.2).
The MOKE loops taken of each of the resulting particle arrays are displayed in
Figure 5.15, along with a loop of the original thin film which was grown in the
form Ta(2)/Pt(2)/CoFeB(1)/Pt(0.4)/Ru(0.9)/Pt(0.4)/CoFeB(1)/Pt(2)/Ta(2) with
thicknesses in nm. There is a clear difference between the MOKE of the film compared
with that of the particles, particularly when looking at the major loops: for example
the discs reach full saturation at much higher applied fields than the film. However, the
loops of the two different sets of particles appear to be very similar. This is reinforced
when we calculate the coupling and coercivity fields of each sample: the film has a
coupling field, HJ , of 1400 Oe and a coercivity field, HC , of 110 Oe; the 28 mA milled
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(a) Thin film (b) 28 mA (c) 10 mA
Figure 5.15: MOKE loops of a (a) thin film and corresponding 500 nm nanodiscs milled
with a current of (a) 28 mA and (b) 10 mA.
discs have a HJ of 1240 Oe and a HC of 230 Oe; and the 10 mA milled discs have
a HJ of 1250 Oe and a HC of 210 Oe. Therefore, the patterning process has slightly
reduced the coupling and greatly increased the coercivity, but the change in milling
power/beam current does not cause a significant change in either.
There are a few possible explanations for the changes in hysteresis found here, which
could be occurring singularly or in combination. The first source of changes comes
from the process we use to pattern our discs, i.e. the ion milling. Firstly, despite the
use of cooling periods, the milling process will still cause some rise in temperature in
the sample. This could disrupt the interfaces within the PM SAF multilayer through
atomic diffusion [3, 28, 29, 50]. Secondly, the bombardment of ions could create defects
in the stack in a few different ways [7, 35, 37]: Ar ion implantation, sputtering away of
stack atoms or mixing of stack atoms. If defects are on the length scale that can cause
domain wall pinning, this could cause an increase in coercivity and extensions of the
transitions.
The other source of change in hysteresis originates from the the inherent reduction
in structure size: from a continuous film to a nanostructure. The patterning of a thin
film into nanodiscs reduces the likelihood of a nucleation defect being present inside the
structure. This will change the switching field, but also create a spread in switching
fields across the population of nanodiscs, which will cause a sloping of the transi-
tion measured by MOKE. The reduction in structure size could introduce also edge
effects. In a patterned nanodisc the edge-to-area ratio increases significantly, which
could introduce an increase or variation in defects. Additionally, the transformation
from continuous film to nanostructures will have introduced magnetostatic interactions
between the CoFeB layers within each nanodisc, and could also occur between CoFeB
layers in adjacent nanodiscs on the chip. This interaction favours a parallel orientation
of the moments, which will yield an effective reduction in coupling strength, and is also
known to induce an increase in coercivity [16].
The fact that lowering the beam power did not reduce the effect of patterning on
the nanodisc hysteresis indicates that even the lower current is above the threshold
where milling causes heating and/or defects. Furthermore, it is very likely that the
transformation from thin film to nanodiscs is a significant source of the loop changes.
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Milling intervals
We next varied the milling intervals, i.e. the ‘on’ and ‘off’ periods (see Table 5.3), with
the idea of reducing possible heating effects. The MOKE loops generated from a series
of discs with different ‘on/off’ sequences, produced by milling with a 28 mA beam cur-
rent for a total of 40 s, and their original thin film (Ta(2)/Pt(2)/CoFeB(1)/Pt(0.4)/
Ru(0.9)/Pt(0.4)/CoFeB(1)/Pt(2)/Ta(2) (thicknesses in nm) are shown in Figure 5.16.
The coupling and coercivity fields calculated from the MOKE is displayed in Table 5.3.
Again, we see a drop in HJ and an ∼ 2× increase in HC when we go from the thin
film to the 500 nm discs. Additionally, there isn’t a large variation in the magnetic pa-
rameters pulled out of the nanodiscs MOKE loops, suggesting that changes in milling
intervals did not cause a significant effect on magnetic state.
As before, these results indicate that the beam parameters used could be above
the threshold for the generation defects in the samples. Also, they support the con-
cept that a significant source of change in the magnetic hysteresis originates from the
transformation from a continuous film to a nanodisc array, including the introduction
of intra-particle magnetostatic interactions.
Sample HJ/Oe HC/Oe
Film 1400 110
40 on 1190 210
20 on/20off 1240 230
10 on/20 off 1240 220
5 on/20 off 1210 210
10 on/100 off 1240 220
Table 5.3: Coupling and coercivity fields for a thin film and a series of discs milled out
of it under different timings.
(a) Thin film (b) 40 on (c) 20 on/20 off
(d) 10 on/20 off (e) 5 on/20 off (f) 10 on/100 off
Figure 5.16: MOKE loops of a (a) thin film and (b)–(f) corresponding 500 nm nanodiscs
after a series of milling time parameters.
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Al cap
Finally we looked into whether the Al cap added any protection to the magnetic
stack during the milling procedure, and therefore if it was increased in thickness
would there be a smaller change on magnetic state during patterning. We com-
pared three disc samples which originated from the same thin film, grown in the form
Ta(2)/Pt(2)/CoFeB(0.9)/Pt(0.4)/Ru(0.9)/Pt(0.4)/CoFeB(0.9)/Pt(2)/Ta(2) with thick-
nesses in nm, one with no Al cap, the second with a 20 nm Al cap and the third with a
40 nm Al cap. The 500 nm discs were milled using a beam current of 28 mA and a 20
s on/20 s off sequence for a total milling time of 40 s (to mill through the bilayer) plus
the time needed to get through the Al, which mills at 0.32 nm/s (see Section 3.1.2).
The MOKE loops from the film and the three sets of discs are shown in Figure 5.17 and
the coupling and coercivity fields from each are displayed in Table 5.4. Once again we
see a decrease in HJ and a very big increase in HC through patterning. There doesn’t
appear to be much variation in these values between the sets of discs, although the
disc sample with no Al cap seems to be slightly less affected, with the highest HJ and
lowest HC . This may be a result of the longer milling time required to get through the
Al caps on the other two discs samples. This indicates that the milling process itself
does contribute to the change in hysteresis: a large increase in milling time would cause
a larger temperature increase and/or increase the amount of adverse ion interactions,
which could create more defects on the relevant length scale for magnetic reversal.
Following from these findings about the effect of changing milling conditions on the
magnetic behaviour of patterned nanodiscs, subsequent samples were prepared using a
beam current of 28 mA and milling time intervals of 20 on/20 off. This was chosen to
minimise processing time, while maintaining a cooling period to prevent the melting
Sample HJ/Oe HC/Oe
Film 2120 160
No cap 1890 540
20 nm cap 1820 580
40 nm cap 1810 570
Table 5.4: Coupling and coercivity fields for a thin film and a series of discs milled out
of it with different Al caps.
(a) Thin film (b) No Al (c) 20 nm Al (d) 40 nm Al
Figure 5.17: MOKE loops of a (a) thin film and (b)–(d) corresponding 500 nm nan-
odiscs milled with different Al caps.
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of the PS bead mask (which would make it more difficult to remove). Furthermore,
in response to the findings on the use and thickness of Al it was decided that a thin
(∼ 5 nm) cap would be used: this is enough to provide the layer desired for PS bead
addition in the NSL step, but also minimises the added material and thus the milling
time required to get through the full thin film stack.
5.3.2 Pattern size
As it is clear that the patterning process causes a major change in the magnetic state of
the SAF stack, we investigated whether pattern size, or disc size had any effect on the
resulting state. A thin film was grown in the form Ta(2)/Pt(2)/CoFeB(0.9)/Pt(0.4)/
Ru(0.9)/Pt(0.4)/CoFeB(0.9)/Pt(2)/Ta(2) with thicknesses in nm, on top of both Si
and Ge coated Si. Nanodisc samples were then created using four different diameters
of PS bead: 100 nm, 200 nm, 500 nm and 1 μm. MOKE loops of each thin film and
milled disc sample were taken to compare their magnetic behaviour, these are shown
in Figure 5.18. To measure the discs, the laser was defocused so as to sample a larger
area of the pattern. HJ and HC were extracted from the minor loops to provide a
qualitative comparison of the samples, graphs of these versus pattern size are shown
in Figure 5.18c and 5.18d respectively. Here, the average and standard deviation were
calculated from minor loops from four different areas on each sample.
Between the thin films and associated discs, we see the characteristic drop in HJ
and large increase in HC . The first notable trend in the data is a consistent decrease
in HJ of ∼ 200 Oe and HC of ∼ 400 Oe from the Si samples to the equivalent Ge
samples. If we look at the coupling from the original thin films (see Figures 5.18a and
5.18b) we see a similar difference in HJ : 2350 Oe for the Si sample and 2210 Oe for the
Ge sample. So it appears that this inherent difference in coupling between the discs
grown on Si and Ge is similar to that which appears in the original thin films, which
results from the increased texturing of the Ge substrate (see Section 4.3.1). The only
change made by patterning is a small, but equal, decrease in HJ of around 300 − 400
Oe from films to discs.
HC comes out as very similar for the thin films: 160 Oe and 180 Oe for the Si and Ge
samples respectively. However, there is a clear distinction in how much the coercivity
increases with patterning for the different substrate samples. This is in the region of
200 − 300 Oe for Ge samples and 450 − 700 Oe for Si samples: the patterning process
causes a larger increase in HC , with greater variation, on samples grown directly on Si.
This could be explained by the inherent roughness of Ge. On one hand, Ge texturing
introduces larger numbers of defects in the film compared with the relatively smooth
Si, which limits the effect of any additional defects induced by milling. Additionally,
patterning a film with a low density of defects will result in a population of discs where
only a small number contain the original defects. The other discs may, as a result, have
larger coercive fields than the film. This effect will be less prominent coming from the
Ge film with its higher density of defects.
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If we now come back to the main objective of this experiment, the investigation
into the effect of pattern size on the SAF behaviour, we observe matching trends
between bead diameter and HJ or HC for the Si and Ge samples. For coupling there
is a general trend of higher, or less reduced, HJ with decreasing bead size. It is
notable that this trend is more distinct at smaller sizes: there is an obvious drop in HJ
between the 100 nm and 200 nm Ge samples and the 200 nm and 500 nm Si samples,
whilst the larger size samples show little variation. Coercivity sees a relationship of
decreasing HC with increasing bead size, with a steeper gradient for the Si samples
than the Ge counterparts. There is a small drop in the average HC for the 100 nm Si
sample, however, the error bars still overlap with that of the 200 nm sample, so this
may not be significant. These results agree with the proposed theories for changes in
hysteresis from films to nanodiscs: the introduction of pinning defects from the milling
process combined with the reduction in the presence of the original nucleation defects
induces increased slanting in transitions, through an increased spread of switching
fields. This is in addition to the general increase in coercivity and loss of coupling
strength caused by an introduction of magnetostatic interactions. It is reasonable that
smaller nanostructures are more strongly affected by these features, due to their smaller
(a) Film on Si (b) Film on Ge (c) Coupling (d) Coercivity
(e) Nanodiscs on Si
(f) Nanodiscs on Ge
Figure 5.18: Major (black) and minor (red) MOKE loops of a SAF stack in (a) & (b)
thin film form and in (e) & (f) milled disc form, grown on top of Si and Ge. The
variation of (c) HJ and (d) HC with disc size are shown for the Si and Ge samples.
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film area and larger edge-to-area ratio. The fact the trends in HJ and HC with disc
diameter are moderate indicates that these structures are all below the threshold for a
significant change in parameters from film to discs.
5.3.3 Varying the SAF stack
Varying coupling with Pt interlayer
To further study the effect of patterning on the magnetic behaviour of SAFs, and
understand how this might impact nanodiscs manufactured for applications, we grew
a series of thin films with different coupling strengths, mediated by the Pt interlayer
thickness, tP t. For each tP t a film on Si, a film on Ge and a set of 500 nm milled discs
were made. The SAF stack was grown in the form Ta(2)/Pt(2)/CoFeB(0.9)/Pt(tP t)/
Ru(0.9)/Pt(tP t)/CoFeB(0.9)/Pt(2)/Ta(2) with thicknesses in nm and where tP t was
varied between 0.37 − 0.69 nm. The MOKE loops taken from each set of samples are
displayed in Figures 5.19a – 5.19c. Coupling and coercivity fields extracted from the
major and minor loops are plotted against tP t in Figures 5.19d – 5.19h.
We see the expected relationship between coupling and tP t for all three sample sets:
HJ decreases exponentially with increasing tP t (see Section 4.2.2, [30]). The Si and
Ge samples give very similar results, but the disc samples exhibit lower values, with
a divergence that gradually increases with decreasing tP t. If we look at the fitting
parameters, we find some variation across the different sample sets. Maximum HJ , at
tP t = 0, somewhat decreases from 17±3 kOe for Si to 14±4 kOe for Ge, although these
do overlap in error. For the discs, we find a further drop to a maximum HJ = 8 ± 4
kOe, which still fits within error of the Ge sample set. In the case of decay length (td),
we find similar values for Si and Ge: 0.19 ± 0.02 nm and 0.22 ± 0.06 nm respectively.
We find an increase for the fit of the discs, but also a larger error: td = 0.28 ± 0.17
nm. So, these all match within error, which indicates that patterning doesn’t have a
particularly significant effect on the variation of coupling with tP t.
Looking at coercivity, the Si and Ge samples are relatively consistent, sitting at
around 200 Oe. However, there is a very large difference between the HC values of
the films and those calculated for the discs, for both the top (HC1) and bottom (HC2)
CoFeB layers. We observe a significant overall increase in HC1 and HC2 for the discs,
alongside strong positive correlations with tP t, which cause a dramatic divergence (up
to around ∼ 1.5 kOe) away from the coercivity of the thin films. The main source
of this relationship between coercivity and tP t is general to the nanodisc populations:
increasing tP t likely increases the (111) texture of the film, which will increase the
PMA. Although this has little impact on a thin film, where magnetic reversal is driven
by nucleation and propagation of domain walls, nanodiscs require nucleation within
each particle to reverse. The increase in PMA therefore yields an increase in coercivity
with tP t.
We plotted the two different switching fields against tP t: the anti-parallel to parallel
(AP–P) and the parallel to anti-parallel (P–AP) switches, as shown in Figures 5.19g
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(a) Si (b) Ge (c) Discs
(d) HJ (e) HC1 (f) HC2
(g) HAP −P (h) HP −AP
Figure 5.19: MOKE loops of a SAF film series with varied Pt interlayer thickness (tP t).
The series was grown on top of (a) Si and (b) Ge, and also (c) grown on Ge and milled
into 500 nm discs. Variation of (d) coupling, (e) top and (f) bottom layer coercivity,
(g) AP–P transition field and (h) P–AP transition field with tP t for both sets of films
and the nanodiscs.
and 5.19h respectively. We defined the switching field value as the end of each switch.
Here, we can see that the increase in coercivity for the nanodiscs leads to both an
increase in field for the AP–P switch and a decrease for P–AP, when compared with
the films, with some divergence as tP t increases. Looking at the MOKE loops, those
taken of the nanodiscs exhibited significantly sloped transitions in both directions,
which is a major contributor to the changes in switching fields. This is explained by an
increase in pinning sites, due to defects induced by milling, and an increase in spread
of properties across the nanodisc population.
The discrepancy in the switching between films and discs is more varied in the
AP–P case. AP–P transitions are driven by defects that create local regions of FM
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coupling or low AF coupling in the film: pinholes in the interlayers will promote the P
state and nucleate an AP–P transition. In addition to the general increase in coercivity
from magnetostatic interactions, the large increase in the slope of the AP–P switching
field (from the films to the discs) drives the effective switching field (the end of the
transition, so the highest of all the individual disc switching fields) higher. This is
through an increased spread in magnetic properties across the population of discs,
supporting our theory that patterning reduces the likelihood of nucleation sites.
Conversely, P–AP nucleation is created in regions of the film with locally higher
AF coupling. This type of defect is caused by a locally lower Pt thickness, or orange
peel coupling: in the case of a high anisotropy SAF film waviness in the layer structure
(which could be induced by our Ge texturing) creates localised sites of strong AF
coupling [13]. Again, the patterning process reduces the likelihood of these nucleation
sites, lowering the effective switching field through an increased spread in coupling field
across the disc population.
The P–AP graph clearly shows which nanodisc samples have conserved their AP re-
manence state: those that still have a HP −AP above zero, namely where tP t < 0.55 nm.
These results provide important knowledge for the manufacturing of nanodiscs for liq-
uid applications where the agglomeration of particles outside of an applied field, which
occurs when they do not have an AP remanence state, generally reduces or prevents
efficient and effective use. We have therefore found a limitation in the production of
SAF nanodiscs on the more weakly coupled, lower switching field end of the spectrum.
Weakly coupled SAFs
An alternative method for tuning the coupling strength of a SAF is tuning the Ru
layer thickness. To investigate the potential of accessing functional, lower switching
field SAF nanodiscs by utilising the 2nd AF coupling peak, a small series of PM SAF
films and 500 nm discs were grown in the form Ta(2)/Pt(2)/CoFeB(tCoF eB)/Pt(tP t)/
Ru(2)/Pt(tP t)/CoFeB(tCoF eB)/Pt(2)/Ta(2) with thicknesses in nm and where
tCoF eB = 0.8 or 1 and tP t = 0.21, 0.27 or 0.32.
MOKE was used to analyse the magnetic behaviour of all samples: the loops and
extracted coupling and coercivity fields are presented in Figure 5.20. We observe the
characteristic trend of decreasing HJ with increasing tP t, as well as larger values of HJ
for the thinner CoFeB samples [30]. Additionally, there is a decrease in HJ from the
films to the discs, corresponding with the findings for the 1st AF peak SAFs.
We see the same overall trend in coercivity with these 2nd AF peak SAFs as for the
1st AF peak SAFs; there is a general rise in coercivity from films to discs, alongside an
increasing HC with tP t for the discs. Again, we have calculated HC1, the coercivity field
of the top CoFeB layer, and HC2, the coercivity field of the bottom layer. As before, we
observe an increase in coercivity with tP t for both HC1 and HC2, with a steeper gradient
for the discs than the films. This follows our previous argument that increasing tP t
induces stronger PMA, and thus leads to larger coercivity in the nanodiscs. In the case
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(a) films (b) discs
(c) HJ (d) HC1 (e) HC2
(f) HAP −P (g) HP −AP
Figure 5.20: MOKE loops of a series of SAF stacks grown using 2nm Ru, with varied
CoFeB (0.8 and 1 nm, marked in legend) and Pt interlayer thicknesses, in (a) film and
(b) nanodisc form. Variation of (d) coupling, (e) top and (f) bottom layer coercivity
(linear fits added to guide the eye), (g) AP–P transition field and (h) P–AP transition
field with tP t for the films and nanodiscs.
of the discs, HC2 is consistently much higher than HC1. This creates a much larger
increase in coercivity from the thin film to the discs for the bottom CoFeB layers than
the top layers. This feature is once more explained by inherent roughness: the bottom
CoFeB layer is closer to the Ta buffer, which leads to a lesser induction of growth
defects than in the top CoFeB layer. Consequently, the top layer is less affected by the
patterning process than the bottom layer and HC1 comes out consistently lower.
Once more we have plotted the AP–P and P–AP switching fields with respect to
tP t. Similarly to the 1st AF peak SAFs, HP −AP consistently drops after the patterning
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process, and there is a divergence as tP t increases. This divergence results in negative
values of HP −AP for the nanodiscs, which leads to a loss of the AP remanence state in
all but the tP t = 0.21 nm samples. For HAP −P , we again find an increase from films to
discs, however this increase is much more consistent across the samples. These results
indicate that although there is a more restricted range for the production of nanodiscs
with a successfully conserved AP state, by using the 2nd AF peak it is possible to
create functional SAF nanodiscs that switch in the lower field range.
Comparison of 1st and 2nd AF peak particles
We have observed a clear increase in coercivity from films to discs in both sets of
SAFs. We also discussed a general behaviour of increasing coercivity with increasing
tP t across all of the discs. Moreover, there appears to be differences in the coercivity
behaviour between the 1st and 2nd AF peak samples. To more easily compare these
field parameters, HC1 and HC2 are plotted against tP t for both sets of SAFs. The
graphs, for thin films and nanodiscs separately, are shown in Figure 5.21.
Starting with the films (top row), we note that plotting the data from these samples
separately to that of the nanodiscs has revealed a trend that was indistinct in the earlier
figures: there is a similar positive correlation of coercivity with tP t as that previously
seen for the nanodiscs. This trend appears with larger gradients across the HC1 data
(left) than the HC2 data (right). This is understandable as decreasing tP t induces more
defects in the stack and thus creates more nucleation sites. This effect is more prevalent
in the top CoFeB layers as they are further from the Ta smoothing layer and directly
on top of the Pt interlayers. We note that the tP t = 0.37 nm sample is an outlier from
the general trend in HC1 for the 1st peak films: the top layer exhibits a much higher
coercivity, ∼ 170 Oe, than the other films at the lower end of the tP t series (black
points).
The other interesting observation is the large drop in HC1, of ∼ 100 Oe, when we
transition from the 2nd (red and blue) to the 1st AF peak samples (black). The same
drop is not present in the HC2 graph: here, the 1st peak data appears to follow on
from the 2nd peak’s. This could be explained by the use of the thicker Ru layer in
the 2nd peak films, which limits any extra defects induced by the Pt interlayers in the
top CoFeB layer (HC1), increasing coercivity through a reduction in pinholes or orange
peel coupling.
Moving on to the discs (bottom row), when we compare HC1 (left) and HC2 (right)
for the 1st AF peak SAFs (black) the numbers are generally similar, with an overall
trend of increasing coercivity with tP t. The 2nd peak SAFs (red and blue) exhibit this
same trend with tP t, however as was discussed previously, there is a large increase in
value from HC1 to HC2 of ∼ 1000 Oe. As we found with the films, there is a similar sized
drop in HC1 (left) from the 2nd peak (red and blue) to the 1st peak (black) samples.
Conversely to the films, we see a large drop of ∼ 600 Oe in the HC2 (right) values from
2nd to 1st Ru peak. This indicates that the 2nd AF films are more affected by the
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(a) HC1 — films (b) HC2 — films
(c) HC1 — discs (d) HC2 — discs
Figure 5.21: Variation of coercivity, with tP t, for the 1st and 2nd AF peak SAFs.
Legend identifies samples by CoFeB thickness. Linear fits are added to guide the eye.
patterning process than the thinner tP t end of the 1st AF series. Thicker Ru limits
pinhole defects in the 2nd AF films and thus reduces the likelihood of the presence of
nucleation sites in the nanodiscs. As with Si vs Ge, this leads to a greater change in
coercivity on patterning.
Earlier, it was mentioned that the changes in the SAF magnetic state, through the
process of patterning, can affect the functionality of magnetic particles. Significantly,
large changes in the coercivity in more weakly coupled SAFs can lead to the loss of the
zero remanence state that prevents particle agglomeration. Thus, it is useful to further
probe the impact these changes might have on magnetic particles that are being tuned
towards an application, namely those engineered with a particular switching field. By
plotting the changes in switching field parameters from films to discs with respect to
the coupling strength of the films, instead of tP t, we can study the SAF behaviours
through a metric that is more applicable to design for application.
Figure 5.22 displays the results for both change (∆HJ) and fractional change (∆HJ/
HJ film) in coupling strength, for the 1st and 2nd AF peak SAFs. ∆HJ shows a clear
negative correlation with HJ film, across the sample sets. By translating this into
fractional change, and calculating the mean and standard deviation across the full data
set, we find that this trend originates from a general change in behaviour caused by
patterning. The transformation of a SAF stack from a thin film to nanodiscs generates
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(a) ∆HJ (b) ∆HJ/HJ film
Figure 5.22: (a) The change in coupling from SAF films to discs, for the 1st and 2nd
peak AF samples, versus the HJ of the films. (b) The fractional change in coupling
versus the HJ of the films. Legend identifies samples by CoFeB thickness. The mean,
−0.202, and one standard deviation, 0.067, from the mean are marked with horizontal
lines.
a common percentage decrease in coupling strength of 20 ± 7%. This is the influence
of the magnetostatic interactions favouring the parallel configuration of the CoFeB
moments.
Across the disc samples, there is an inverse correlation between ∆HC and HJ film
(see Figure 5.23). As expected from earlier analysis, there is a large increase in ∆HC
from the top (HC1) to bottom (HC2) CoFeB layers in the 2nd AF peak SAFs (red and
blue), in the region of 1000 Oe. The 1st peak SAFs (black) exhibit a more similar
range of ∆HC across the series, with a relatively small rise in value from ∆HC1 to
∆HC2 (∼ 200 Oe on average). Looking at just the bottom CoFeB layers (HC2) , there
is a relatively small step down in ∆HC2 as we transition from the 1st to the 2nd AF
peak Ru SAFs, moving down in HJ film. The equivalent step for the top CoFeB layers
(HC1) is much larger: as HJ film is decreased and we move from the 1st peak SAFs
to the 2nd peak set, there is a big drop in ∆HC1 of over 1000 Oe. This is explained
by the top CoFeB layer being further away from the smoothing effect of Ta, which
instills more roughness in its interfaces. This effect will be more prevalent the thinner
tP t is (lowest in the 2nd AF films), as the added inherent defects will limit the changes
caused by the patterning process. This leads to a much smaller change in coercivity in
the 2nd AF discs compared with the weakest coupled 1st AF discs.
Overall, these results indicate that the process of patterning a thin film into nan-
odiscs has a smaller impact on the magnetic properties of a SAF coupled by 2 nm of Ru
than one coupled by 0.9 nm Ru. Significantly, this leads to a higher potential for con-
serving the zero remanence state in more weakly coupled SAFs. Thus, if an application
requires the use of SAF particles with lower switching fields, and hence lower coupling
strengths, it may be beneficial to utilise the 2nd AF coupling peak in the SAF stack.
The ability to efficiently and controllably generate torque at field strengths below 1
kOe is very useful in applications where it is challenging to apply strong fields. This is
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(a) ∆HC1 (b) ∆HC2
Figure 5.23: The change in coercivity for the (a) top and (b) bottom layers of the 1st
and 2nd AF peak samples, versus the HJ of the films. Legend identifies samples by
CoFeB thickness.
relevant to lab-on-chip technologies, where for practicality and cost effectiveness it is
desirable to keep applied field strengths low. This includes point-of-care microfluidic
devices for the sorting of analytes or other biological species [47].
5.4 Conclusion
This chapter has introduced an efficient and robust fabrication method for the pro-
duction of thin film based magnetic particles ranging from 100 nm–1 μm. The imple-
mentation of NSL in combination with ion milling generates high yields of well-defined
nanodiscs. Spread and yield of particles is easily tuned through the spin coating pa-
rameters and dilution of the PS beads. The choice of Ge as the sacrificial layer has
been shown to conserve the engineered magnetic properties of PM SAFs, without com-
promising ease of lift off.
Modification of parameters, including milling power and PS bead size, during the
production of nanodiscs, revealed the mechanisms behind the changes in magnetic
hysteresis from PM SAF films to particles. Major contributions originate from the
induction of defects by ion interactions during the milling process, along with the
reduction in likelihood in nucleation sites in nanostructures in comparison with a con-
tinuous film. Additionally, the inherent change from continuous film to nanostructures
generates hysteretic changes, in particular through the induction of magnetostatic in-
teractions. However, we have demonstrated that we maintain key magnetic properties
during the patterning process: namely tunable switching, an AP remanence state and
low field susceptibility. This shows PM SAF particles, made using this method, to be
suitable candidates for biological applications.
The exploration of PM SAFs with varied coupling strength revealed a limitation
in the use of 1st AF peak SAFs in the production of nanodiscs: particles that are
more weakly coupled do not maintain their AP state at remanence. By modifying the
coupling layers and implementing the 2nd AF peak (in combination with ultrathin Pt
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interlayers) to produce weakly coupled SAFs, we show that it is still possible to create
functional nanodiscs that are activated in the low field regime. This is highly relevant
for biotech applications that cannot utilise strong magnetic fields, such as lab-on-chip
devices.
The next chapter will continue to investigate the magnetic behaviour of PM SAF
particles, but will move to studying them in a liquid environment. The added degree of
freedom in the form of mechanical reconfiguration opens up new areas of the particle
energy landscape and leads to the discovery of novel transitions and self-assembly
behaviour. This opens up more properties that may be exploited in biological and
other fluidic applications.
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This work has so far thoroughly characterised the magnetic reversal of PM AF coupled
thin films, demonstrated their patterning into robust disc-shaped particles and stud-
ied the consequences of patterning on the magnetic properties of the films. As these
discs are engineered for the purpose of being used in biological and other liquid-based
applications, it stands to reason that their behaviour should be studied in a fluid en-
vironment. This environment opens up the energy landscape for the discs, delivering
a new degree of freedom in the form of physical orientation. Under the influence of
applied fields, this has lead to the emergence of novel magneto-mechanical transitions
[12]. Furthermore, the liquid suspension of discs forms a multi-particle system with
the exhibition of inter-particle interactions, which generates self-assembly [12]. Ac-
cordingly, these particles have interesting implications across a range of research fields
including organisation of biological systems, soft-robotics, assembly of nanostructures
and smart materials [13].
The ability of a liquid suspension of magnetic micro- and nanoparticles to dynam-
ically self-assemble under the application of a magnetic field has been well-established
[5, 9, 13]. So far, the vast majority of work on this behaviour has employed magneti-
cally simple superparamagnetic or ferromagnetic particles, stabilised by surface func-
tionalisation, as the fundamental magnetic building block of the system. Under the
application of uniaxial applied fields such systems can only form static, linear chains.
One way that researchers have achieved more complex self-assembly in these types of
systems is through the application of alternating magnetic fields, often in conjunction
with liquid properties, e.g. surface tension [9–11, 13]. Additionally, the magnetic build-
ing blocks have been engineered with some chirality [14] or flexibility [6], which leads
to the formation of more complex configurations.
PM AF coupled micro- and nanodiscs offer a more complex magnetic system to
be exploited in dynamic self-assembly. Here, the balance between the exchange cou-
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pling (EC) and perpendicular magnetic anisotropy (PMA), and their interplay with
an applied field, generates torques on the moments of the magnetic layers [15], which
can be transferred into mechanical rotations [12]. An earlier study began to probe the
magneto-mechanical and self-assembly behaviour of PM AF coupled systems, leading
with the exploration of the perfectly balanced, SAF case [12]. This work discovered
novel transitions of SAF microdiscs under the influence of a uniaxial applied magnetic
field sequence. These included abrupt mechanical rotations and the canting of mag-
netic moments, which allowed access to different magnetic saturation processes in order
to lower particle energy. Furthermore, these transitions enabled the particles to form
reconfigurable magnetic chains, and transduce torque from uniaxial fields. A more
detailed discussion of this work is provided in Section 2.2.2. These findings open up a
new possibility for more complex and dynamic self-assemblies, with only simple, uni-
axial applied magnetic fields required to manipulate the system. Hence, the behaviour
demonstrated by this type of particle offers an attractive platform for fluid-based micro-
and nanodevices or dynamically self-assembled complex architectures [12].
Following on from the study of the perfectly balanced SAFs, we extended the inves-
tigation to the case with an imbalance in moment: the synthetic ferrimagnetic (SFi)
system. This chapter begins with an assessment of this type of particle, with a very
slight moment imbalance, in a parallel to the SAF study. It then goes on to a wider ex-
ploration of the PM AF coupled particle energy landscape, through a macrospin model.
Here, we focus on the pre-saturation state of SFi discs and how this is affected by the
balance of the EC and PMA energies, and the moment imbalance. Additionally, a novel
transition is revealed for particles with a particularly strong EC/weak PMA. The final
two sections of this chapter centre around real PM AF coupled particles, which have
been made using our new version of nanodisc fabrication (see Section 5.2.2). The char-
acterisation of their behaviour in liquid suspensions, under the application of uniaxial
magnetic fields, is accomplished through a series of experimental techniques: liquid
VSM, optical microscopy (OM) and reflectivity measurements.
6.2 Magneto-mechanical behaviour of SFi particles
in liquid
Note: The work in this section was done in collaboration with T. Vemulkar (Prof.
Cowburn’s group). T. Vemulkar took the VSM measurements and ran the simulations.
6.2.1 Experimental observations
Following on from the experimental observations of PM SAF particles in liquid (Sec-
tion 2.2.2), the magneto-mechanical behaviour of particles with a small asymmetry
in moment were explored. A set of 2 μm discs, fabricated using the photoresist pil-
lar method, were created from SFi film described by [Ta(2)/Pt(2)]3/[Ta(2)/Pt(2)/
CoFeB(1.2)/Pt(0.5)/Ru(0.9)/Pt(0.5)/CoFeB(≈ 1.21)/ Pt(2)]2/Ta(2)/[Pt(2)/Ta(2)]3
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with thicknesses in nm. The EA liquid VSM loops of this film is displayed in Figure
6.1a. The additional steps seen in the AP–P and P–AP transitions of the film are due
to a slight variation in the coercivity and coupling field between the two individual
bilayers in the SFi stack. These are the result of variations in the growth conditions
during the sputtering process. From the minor loop we extract the lower value of the
coupling field, HJ ≈ 1.43 kOe, and for simplicity we will use this for the entire film.
The slight difference in thickness, ∼ 1%, between the two CoFeB layers is highlighted
in Figure 6.1b: the asymmetry manifests as a small, slanted transition around zero
field and is another consequence of variations in the film growth conditions. The HP
VSM loop of the film is shown in Figure 6.1c, from which we extract a saturation field
(HSat) of ∼ 9.50 kOe. We assume that the anisotropy and MS are not affected by the
asymmetry and that they are constant across the CoFeB layers.
The liquid VSM loop of the SFi discs in Figure 6.1d shows a linear response at low
fields (regime II), followed by a distinct and coercive transition to saturation (regime
III), which is very similar to that observed in the case of the SAF discs in Section
2.2.2. There is however a difference in the very low field response (regime I) of the
SFi discs compared with the SAFs; Figure 6.1e shows that under an applied field of
∼ −50 Oe, the particles align their EA parallel with the field direction. This behaviour
(a) Film EA (b) Film EA — zoom (c) Film HP
(d) Discs in liquid (e) -50 Oe (f) 1220 Oe
Figure 6.1: Figure adapted from [12]. (a) The EA VSM loop of the SFi film with
effective coupling field, HJ , indicated. (b) The low field response of the film (rising
field only for clarity), with the blue arrows highlighting the degree of ferrimagnetism.
(c) The HP VSM loop of the film with saturation field, HSat, indicated. (d) The liquid
VSM loop of the suspension of the SFi microdiscs with identical stack structure to
the SFi film (blue arrow indicates an applied field of 1.22 kOe). 100× OM images
(taken using the OM-magnet set up described in (Section 3.3.1)) of the SFi microdisc
suspension under applied fields, H, of (e) ∼ −50 Oe and (f) ∼ 1.22 kOe (field direction
indicated by the black arrows). The blue arrow in (d) indicates the field in (f). The
inset schematics depict the particle configurations.
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is the result of the small imbalance in moment in the SFi system. This is not clearly
evident in the hysteresis in Figure 6.1d due to the particularly small signal size of this
transition (the resulting magnetisation jump is only twice the imbalance in magnetic
moment) and an increase in noise from film to liquid measurements. This transition is
due to a 180° rotation of the SFi discs as the applied field goes through zero. As the
field is increased into regime II, the linear regime, the SFi discs rotate in a magneto-
mechanical transition to align their HP parallel with the field direction. This behaviour
is shown at an applied field of ∼ 1.22 kOe (highlighted by the blue arrow in Figure
6.1d) in the image in Figure 6.1f, where the discs are chaining side-to-side. A second
magneto-mechanical transition occurs as the SFi discs saturate, at high fields > 1.50
kOe. This leads to the third regime whereby the particles realign their EA with the
field direction and chain in the face-to-face configuration analogous with the SAF discs.
6.2.2 Comparing with the model
Using the same model as was implemented in the macrospin simulations for the SAF
microdiscs (detailed in Section 2.1.3), we examined the magnetic response of the SFi
bilayer system. The energy and hysteresis versus applied field plots are shown in Figure
6.2 for the EA, HP and rotationally unconstrained global responses. The inset of Figure
6.2a shows how regime I (low field) manifests in the energy profile: here, the EA process
is the lowest in energy, and thus the global response follows the same path. The inset
of Figure 6.2b shows that in the magnetic hysteresis of the EA and global responses,
the energy minimisation in regime I gives rise to a small, sharp transition as the field
goes through zero. In the real thin film, we noted that the equivalent realignment of
the larger moment with the field direction manifested as a slanted transition in the EA
VSM loop. This is due to this magnetic reversal process occurring via the nucleation
and propagation of magnetic domains [3]. In the case of the fluid suspension of the SFi
microdiscs, the added degree of freedom of mechanical rotation generates a magneto-
mechanical transition: a sharp 180° rotation realigning the larger moment with the
field direction (see regime I in Figure 6.2c).
As the field is increased further, the system enters the regime II (mid-field, linear
regime). Here, the HP process exhibits lower energy than the EA process, which leads
to the global magnetisation process to follow that of the HP. This appears similar to the
behaviour found for the SAF particles (see Section 2.2.2). However, if we take a closer
look at the energy profile in the inset in Figure 6.2a, we observe that the global energy
is in fact lower than both the EA and HP processes. This indicates a difference in the
SFi configuration during the linear regime compared with the SAFs, which exhibit a
HP alignment with the field. By extracting the angles of both layer moments and of
the particle itself, we reveal a novel magneto-mechanical transition in regime II of the
SFi system. As is demonstrated in Figure 6.2c, the particle EA continuously rotates
away from the field direction as the field increases. This behaviour is accompanied by
a simultaneous rotation of the two layer moments, with both canting away from the
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EA, in a manner that favours the larger moment in the field direction.
Finally, regime III occurs once the field is increased above the saturation field of
the system. Here, the EA process is again the lowest in energy and is identical to the
global response. As with SAF particles, a magneto-mechanical transition occurs at
saturation: the SFi disc abruptly rotates to realign its EA with the field direction and
both layer moments transition into the parallel state (aligning with EA and field, see
regime III in Figure 6.2c).
Figure 6.2: Figure taken from [12]. (a) Minimum energy curves for the EA (blue), HP
(red) and global (black) responses of the SFi system using the magnetic parameters
extracted from the thin film in Figure 6.1. (b) The corresponding simulated hysteresis
loops for each response type. (c) A schematic depiction of the orientations of an
individual disc and its layer moments (green and yellow arrows) with respect to the
applied field (red arrows) across three regimes.
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6.3 Exploring the AF particle energy landscape —
macrospin simulations
6.3.1 The system
To further study the AF coupled particle system and investigate the magneto-mechanical
behaviours these particles exhibit, the same macrospin model (see Figure 6.3a and
2.1.3) was used in conjunction with a larger array of parameters: a range of the EC-to-
PMA ratio, J/Kt, which affects the magnetic reversal through the balance of system
energies (see Section 2.1.3), and the degree of ferrimagnetism. The degree of ferrimag-
netism was taken to be β = (t1 − t2)/(t1 + t2), where t1 ≥ 1 nm is the thickness of
layer 1 and t2 = (2 − t1) nm is the thickness of layer 2 (see Figure 6.3b). This kept
the average thickness t constant at 1 nm. A range J/Kt was then achieved by taking
a constant value of the PMA, K = 1 × 106 Oe emu cm-3, and varying the EC, J .
(a) Bilayer system (b) AF coupled stack
Figure 6.3: (a) A schematic showing the angles which are unconstrained in the Monte
Carlo simulation: the angle between the fixed EA (dotted line) and applied field (H),
α, and the angles between the moments of the CoFeB layers (M1 and M2) and the EA,
θ1 and θ2. (b) The formation of the coupled bilayer stack used in the simulations of
coupled bilayer particles in liquid, where the thicknesses of the CoFeB layers are t1 and
t2.
6.3.2 A study of the pre-saturation state
The first study made was into how J/Kt and β affect the state of an AF coupled particle
immediately before the magneto-mechanical switch to the saturated state. Previous
work showed that a perfect SAF (β = 0) is in a configuration such that its EA is
perpendicular to the field direction and the layer moments cant towards the HP/field
direction [12]. Earlier (Section 6.2.2), we showed that a SFi system with a very small
imbalance (β ≈ 0.004) continuously rotates both its EA (away from the field) and
layer moments (away from the EA) up to the point of saturation. To investigate the
potential variation in the angles α, and θ1 and θ2 (field to EA and layer moments to EA
respectively — see Figure 6.3a) immediately before saturation, macrospin simulation
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were performed across an array of J/Kt and β. The thicknesses used for layer 1 were
t1 = 1–1.4 nm (steps of 0.01 nm) such that t2 = 1–0.6 nm, producing the β range
0–0.4. A range of J/Kt = 0.1–1 was achieved by varying J between 0.01–0.1 Oe emu
cm-2 in steps of 0.02 Oe emu cm-2.
Figure 6.4 displays the phase diagrams generated for α, θ1 and θ2 across the array of
β versus J/Kt. We find that the SFi particles in the top left zone of the phase diagrams
(high β, low J/Kt) stay in the configuration with their EA and layer moments aligned
along the field. An example of such a particle, with β = 0.3 and J/Kt = 0.2, is
highlighted in Figure 6.5a. The hysteresis loop in this case exhibits strong, sharp
switches through zero field and to saturation at H ≈ 300 Oe. There is no presentation
of the linear response previously found in the weak SFi system (see Section 6.2). The
schematic depicts the state of the particle immediately before saturation where α, θ1
and θ2 are all zero. This indicates that either a strong enough imbalance or a low
enough J/Kt will extinguish the canted state in the SFi system.
If we move across the phase diagrams, keeping β the same, but increasing J/Kt, we
find a re-emergence of the off-axis canted state. Figure 6.5b demonstrates the response
of a SFi with J/Kt = 0.9. The strong switch through zero field is identical to that
of the case in Figure 6.5a. The transition to saturation is also similar, but occurs at
the much higher field value of H ≈ 1.3 kOe, which is an expected result of increasing
J/Kt . Before saturation, there is a brief exhibition of the linear response, and thus the
canted state, in the region of 1.2 < H < 1.3 kOe. Just before the switch, the particle
EA makes an angle α ≈ 20° to the field, whilst the layer moments slightly cant away
from the EA with angles of θ1 ≈ 5° and θ2 ≈ 9°. The large percentage difference in
canting between the two moments here is the result of their strong imbalance.
If instead we keep J/Kt the same at 0.2 and reduce β, we also find SFi systems
that exhibit the canted particle state. Figure 6.5c shows the response of the case
with β = 0.05. The reduction in degree of ferrimagnetism results in a much smaller
signal in the transition through zero field. We again find only a short range of fields
which induce the linear response: 120 < H < 220 Oe. Conversely, due to a significant
difference in β between case b and c, we find a much higher level of particle canting
in the configuration of the particle just before saturation, with α ≈ 53°. The low
value of β also leads to a negligible difference in the canting of the layer moments,
with θ1 ≈ θ2 ≈ 4°. The reduction of moment canting in this case, despite the greater
particle rotation, is due to the lower value of J/Kt: the energy balance is shifted
towards maximising anisotropy, making it more unfavourable to angle the moments
away from the EA than it is favourable to further increase alignment with the field.
The switch to saturation is once again found at a lower field: H ≈ 220 Oe. This is
slightly lower than that found for case a as here the system is in a slightly less favourable
configuration, with the moments canted and not parallel with the field direction, such
that a lower field strength is able to saturate the disc.
The final case we explore takes the lower value of β = 0.05 and the higher value of
J/Kt = 0.9. In Figure 6.5d we again observe the smaller switch around zero field. The
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Figure 6.5: Four different SFi particle systems picked out from the phase diagrams in
Figure 6.4. The simulated liquid response and a schematic of the particle at the point
before saturation are shown. The angles α (red), θ1 (blue) and θ2 (green) are included,
M1 ≥ M2.
lower β, higher J/Kt combination leads to a much larger range of field, 0.18 < H < 1.06
kOe, in which the canted particle state is induced. With a more prolonged regime
of this state, with the particle continuously rotating, it is not surprising to find the
particle close to a HP alignment just before saturation, with α ≈ 79°. Furthermore,
we find a slightly higher level of moment canting, with θ1 ≈ 15° and θ2 ≈ 16°. This
behaviour is due to the higher J/Kt moving the energy balance to favouring the AF
coupled state over the PM state, allowing increased canting of the moments towards the
field direction (and thus rotation of EA away from the field) to maximise the Zeeman
energy and minimise the consequence on the exchange energy. The minimal degree of
ferrimagnetism leads to only a 1° difference in canting between the two layer moments.
Saturation occurs at H ≈ 1.06 kOe. Again, this is slightly lower than that found for
the other J/Kt = 0.9 case, due to the increase in moment canting and mechanical
rotation.
6.3.3 The pre-saturation state — low β regime
In a further study of the effects of J/Kt and β on the pre-saturation state of SFi
particles, we focused on the low β regime across the range β = 0–0.1 (highlighted by
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the purple boxes in Figure 6.4). To achieve this range with an increased number of
data points, the CoFeB layer thicknesses were varied as: t1 = 1–1.1 nm, with steps
of 0.002 nm, such that t2 = 1–0.9 nm. The same range of J/Kt, with the same step
size, was used. The phase diagrams generated for α, θ1 and θ2 across this array of
parameters are displayed in Figure 6.6. In this low β regime, the moment angles in
the pre-saturation state are roughly constant along lines of equal J/Kt. Conversely,
increasing moment angles are found with increasing J/Kt along lines of equal β. In
the case of the angle of particle to the field (α), we find increasing angles with both
increasing J/Kt and β.
To help visualise the particle configurations in these pre-saturation states with
varied J/Kt and β we have taken two lines across the phase diagrams (see Figure 6.6)
and drawn up the disc schematics in Figure 6.7, which highlight the three angles α,
θ1 and θ2 for a selection of SFi discs. First, we look at the horizontal line: variation
in J/Kt with β = 0.02. Here we find an increase in α with increasing J/Kt , as the
discs align their HP more with the field direction. Additionally, there is a larger rate
of change at the lower end of the J/Kt range: α increases by ∼17° from ∼64° to ∼81°
as J/Kt increases from 0.1 to 0.3, whilst there is just a ∼1° increase (∼85–86°) as
J/Kt increases from 0.7 to 0.9. Looking at the moment angles, we find only small
differences between them across the board, due to the low value of β creating only
a small imbalance in moment. This difference widens with increasing J/Kt, however
the percentage difference remains at ∼ 4%. This is because θ1 and θ2 increase with
increasing J/Kt and α: θ1 ranges from ∼2.3–15.2° and θ2 ranges from ∼2.4–15.8°.
The SFi particle behaviour results from the competing PMA and EC energies. Lower
values of J/Kt make it more favourable for the particle system to prioritise aligning
the layer moments along the EA, which limits the canting of the moments. Hence, to
minimise energy, the disc rotates its EA through a smaller angle away from the field
direction, minimising Zeeman through alignment of the stronger moment with the field.
As J/Kt increases, the energy balance shifts such that it becomes less unfavourable to
cant the moments away from the EA. This allows the particle to minimise its energy
by satisfying Zeeman more effectively: a larger mechanical rotation of the particle into
a more HP alignment with the field means that both layers can cant towards the field
direction.
Next, we consider a vertical line across the phase diagrams in Figure 6.6, with
variation in β and J/Kt = 0.3. The left-hand case in Figure 6.7b depicts the perfect
SAF case, whereby the lack of imbalance leads to θ1 = θ2 ≈ 7° as the particle aligns
its EA perpendicular to the field before saturation. As β is increased, the difference
in value of θ1 and θ2 gradually increases in both absolute value and percentage, up
to ∼ 0.8° or ∼ 22%. This occurs as the overall canting of the moments reduces
with increasing β: ∼7.0–3.7° and 7.0–4.5° for θ1 and θ2 respectively. Simultaneously,
the particle mechanically rotates through smaller angles, becoming less HP aligned
in the pre-saturation state: the minimum angle found, at β = 0.1, was α ≈ 35°.
This behaviour across this varied range of β, is again explained by the balance of
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energies. Here, as J/Kt is kept constant, the limiting factor is the Zeeman energy, or
the alignment of moment with field. As the imbalance in the layer moments is increased,
it becomes more favourable to maximise the alignment of the higher moment with the
field over the alignment of the lower moment. To achieve this, the particle itself rotates
through smaller angles, such that the EA remains more in the direction of the field.
In turn, this makes it less favourable for the layer moments to cant — it is better to
minimise the PMA energy. However, the lower moment layer sees a relatively large
percentage increase in angle relative to the other layer, as its strength is reduced along
with its alignment being forced away from the field direction.
6.3.4 Expanding J/Kt — the emergence of a spin-flop transi-
tion
The final study made into the magneto-mechanical behaviours of SFi particles in liquid
took a narrower range of β (0, 0.05 and 0.2) and an extended range of J/Kt (0.5, 2
and 4), and explored the configurations of the discs from remanence to saturation. The
field-moment responses, alongside schematics of the discs across the field ranges, for
each pair of parameters is shown in Figure 6.8.
First, we consider the first column of cases, with J/Kt = 0.5, a familiar ratio
from the earlier sections. The β = 0 case exhibits the classic SAF behaviour, with two
distinct regimes: the HP alignment, moments canted regime; and the full EA alignment
saturation regime. Increasing β to 0.05 reveals the additional low-field regime, whereby
the particle aligns its EA with the field, such that the larger moment is parallel with
the field. This creates the characteristic low signal, sharp switch around zero field. The
SFi disc then exhibits continuous rotation towards a more HP alignment with the field,
as the layer moments cant away from the EA, up to saturation where a sharp magneto-
mechanical transition results in the full EA alignment state. This is consistent with
previous findings (see Section 6.2, [12]) for similar SFi systems. Further increasing β
up to 0.2 results in the off-axis regime being extinguished, as was discussed earlier in
Section 6.3.2. In this case, the disc remains with its EA parallel to the field across the
full range, with the switch to saturation being exclusively magnetic. The mechanical
rotation through zero field remains, but induces a bigger change in M signal due to the
larger inherent imbalance.
The middle column of Figure 6.8 displays the behaviour of three types of disc with
J/Kt = 2, a larger ratio than has been previously considered. In the SAF case, the
increase in J/Kt leads to an increase in canting of the layer moments before saturation.
This is because the increase in J/Kt makes it less unfavourable for the moments to
rotate away from the EA, and hence more favourable overall to align the moments more
with the field direction to minimise Zeeman energy. The saturation field of the system
also increases due to the increase in J/Kt: to minimise EC energy, the AP state is
more favourable than the P state across a larger range of field values. The two cases
with non-zero β exhibit the same increase in saturation field. They both also present
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with the three regime behaviour: the higher value of J/Kt means that even in the
β = 0.2 case, the off-axis configuration is favourable in the mid-field range. This is due
to the canting of the layer moments being less unfavourable, such that the lower energy
state involves minimising Zeeman through the magneto-mechanical transition into the
off-axis configuration. The key differences between the β = 0.05 and β = 0.2 cases are
the characteristic, larger signal switch through zero, followed by the exhibition of the
low-field regime/EA alignment through a larger field range for β = 0.2.
The last column of Figure 6.8 corresponds to J/Kt = 4, which is a significantly
higher ratio than previously studied. Practically, it would be challenging to create
discs with such a ratio using this SFi system. Nevertheless, it is interesting to further
explore the theoretical energy landscape of the system, in pursuit of novel magneto-
mechanical behaviour. Across the series of β, we find the same changes in transitions
and configurations in the low- and mid-field regimes as for the J/Kt = 2 discs: increase
in signal strength of the zero-field transition, increase in field range for the low-field
regime and a decrease in HP alignment in the pre-saturation state, all with increasing
β. However, by raising J/Kt to 4, we reveal a change in the switch to saturation,
through the discovery of an additional transition in the M-H response: a short, linear
response after the second high field switch. This new behaviour is present for all three
values of β. Looking at the corresponding disc schematics, we can understand how this
new M-H response manifests. The sharp, vertical switch corresponds with a similar
magneto-mechanical transition to that found before: the disc abruptly and mechanical
rotates to realign its EA with the field direction. The difference in this case is that
although the layer moments also undergo an abrupt rotation, they do not initially lie
parallel with the field direction. Instead, they position themselves canted either side of
the EA, and then continuously rotate into EA alignment as the field increases further:
this corresponds with the linear response found in the M-H plot.
We have therefore discovered the ability of SFi particle systems to undergo spin-
flop transitions in liquid, induced by sufficiently high J/Kt, which is above the critical
limit for spin-flop in thin films (J/Kt = 2 [2, 4]). We suggest that this delay in
manifestation is due to the expression of the HP/off-axis regime in the mid-field range,
which suppresses the desire for the system to saturate via spin-flop. Akin to the
other SFi canted state, there is some variation in the particle configuration during this
transition with different values of β. The moment imbalance induces an imbalance in
the canting angle of the moments: the disc again favours a better alignment of the
larger moment with the EA, to maximise the anisotropy term, such that the lower
moment cants through a larger angle. In addition, although it is not obvious by eye,
the non-zero β discs do not align their EA perfectly parallel to the field in spin-flop
canted state. They then rotate continuously into the parallel configuration as the layer
moments relax into the EA. This is a more prominent effect for the higher β disc, as
the disc again favours a better alignment of the larger moment with the field direction
to maximise the Zeeman term, but even here the initial angle is very small at ∼ 1.1°.
The variation in the initial state of the disc with β, during the spin-flop transition, is
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demonstrated via the schematics in Figure 6.9.
Figure 6.9: The initial canted state in the spin-flop transition for the three types of
disc in Figure 6.8 with J/Kt = 4 and M1 ≥ M2. The angles α (red), θ1 (blue) and θ2
(green) are noted.
6.4 Exploring the AF particle energy landscape —
experimental observations
Note: all stray field calculations in this section were performed by D. C. M. C. Petit
(Prof. Cowburn’s group).
6.4.1 Particle interactions
As we shift from exploring PM AF coupled systems via simulations to via experimental
observations, we introduce a number of additional factors that will affect the energy
landscape. One major alteration is the switch from a single particle to a multi particle
system. The inherent moment of magnetic particles translates into a stray field, which
can influence the behaviour of adjacent particles, leading to inter-particle interactions.
A number of parameters affect a particle’s stray field, including magnetisation (strength
and direction) and size. The stray field of one particle experienced by another is
related to their separation by a decay term. This means that in a chain, every particle
experiences a summation of the stray fields from all of the other particles in that chain,
where more distance particles contribute less to the total. In this chapter a method
based on [1] will be used to estimate the maximum stray fields of our PM AF coupled
discs with EA saturation.
We have previously mentioned the concept of self-polarisation [7], as a phenomenon
that induces magnetic agglomeration of particles after the application and then removal
of an applied field, even if they exhibit a zero remanence state. This phenomenon is
where the stray fields of particles are large enough that they sustain the chaining of
particles even when the external applied field is switched off. It has been found that for
the case of an in plane SAF particle, which has a susceptibility that can be controlled by
magnetic thickness, self-polarisation is observed above a certain susceptibility thresh-
old: above this threshold the particles gradually agglomerate, below it, they redisperse
in zero field [7]. Conversely, in the case of our PM AF coupled particles, which have
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low susceptibility in low fields, self-polarisation would require the stray field to exceed
the coupling field.
In this chapter we observe various deviations in behaviour of our particles from the
model predictions. To explain these deviations, we will be considering the potential
effects of stray fields and particle interactions, and how these might influence the
magnetic reversal of our PM AF systems.
6.4.2 1st AF peak nanodiscs — a range of J
To experimentally investigate the characteristics of PM AF coupled particles across a
range of J a series of 500 nm magnetic discs were fabricated from 1st AF peak coupled
stacks that are described by: Ta(2)/Pt(2)/CoFeB(0.9)/Pt(tP t)/Ru(0.9)/Pt(tP t)/
CoFeB(0.9)/Pt(2)/Ta(2), with thicknesses in nm and where tP t was varied between
0.42 − 0.69 nm. These particles were then studied using a selection of liquid measure-
ments (VSM, reflectivity and OM) to probe their magneto-mechanical behaviour.
Liquid VSM
The EA VSM loops of the original thin films and nanodiscs before lift off are displayed
in Figure 6.10 alongside liquid VSM measurements of the nanodiscs suspended in water.
It should be noted that the response of the discs on chip around remanence may not
represent the particle behaviour alone: it is possible for there to be an additional
ferromagnetic response originating from redeposited material from the milling process.
While tP t creates a characteristic gradient in coupling strength across the thin
film series, this translates into some increased variation in magnetic reversal upon
patterning into nanodiscs. As discussed in the previous chapter (Section 5.3), there
is a large increase in coercivity from the films to discs, which results in the loss of
the AP state at remanence in the samples with the weakest coupling. The patterning
process also induces variation in magnetic reversal across the population of particles,
which leads to more smeared transitions in their VSM loops. Consequently, when the
nanodiscs are suspended in liquid and subjected to an applied field, they exhibit a
spread of magneto-mechanical behaviours. This has resulted in a series of varied VSM
loops, some of which display novel responses for AF coupled particles.
In the liquid loops of the more strongly coupled samples, we observe a similar trend
of decreasing saturation field with decreasing coupling strength to the films or discs on
chip. We find evidence of moment imbalances in the tP t = 0.48 and 0.53 nm samples,
driving 180° rotation of discs through zero field. It is not possible to ascertain if this
is also the case in the tP t = 0.42 nm sample: any potential moment imbalance is less
than the noise base in the signal. Overall, these three samples exhibit the linear field
response followed by a steeper switch to saturation, as was previously found for AF
coupled discs ([12], Section 6.2.1). In the case of the tP t = 0.53 nm discs, the P–AP
magnetic reversal differs somewhat to the two strongest coupled samples: there is no
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Figure 6.10: Normalised VSM loops of the Pt interlayer series of 1st AF peak thin
films (left) and nanodiscs before (middle) and after (right) lift off. For the nanodiscs
values of J (Oe emu cm-2), calculated using the average coupling fields, are displayed
alongside the ‘on chip’ loops.
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presentation of a relatively steep transition, instead, we find a relatively linear response
all the way back to zero field. This indicates that the transition could be more of a
HP-like response.
As coupling strength is reduced again, the AP state at remanence becomes less
stable. In the ‘on chip’ measurement of the tP t = 0.58 nm sample the AP state
definitely did not exist at remanence in the higher FSR MOKE loop (see Figure 5.19
in Section 5.3.3), but is just about present in the quasi-static VSM loop. Further
reduction in coupling then causes the AP state at remanence to completely disappear.
In the case of the tP t = 0.64 and 0.69 nm samples, this has translated into a particularly
strong switch through zero field in the liquid response, which is clearly larger than a
switch resulting from a SFi moment imbalance.
A large increase in coercivity is a key driver for the loss of AP state. We previously
discussed (Section 5.3) that a strong factor in this increase is variation in switching
fields across the populations of discs. If we look, for example, at the ‘on chip’ VSM
loop of the tP t = 0.64 nm sample, it appears that the P–AP transitions cross H = 0.
This indicates that a proportion of the population could still exhibit an AP state at
remanence, while the rest do not. We suggest that the liquid response of a particle
that does not have an AP state at remanence would be limited to a purely mechanical
switch through zero field, to conserve a parallel EA and moment alignment with the
field direction and satisfy the Zeeman energy. This would translate into a seemingly FM
signal in a VSM measurement. The particles that do exhibit an AP state at remanence
would behave in the same manner as other SAF or SFi discs, as previously discussed
(Sections 2.2.2 and 6.2.1). The liquid VSM loop that we would find for a population
of discs that contains a mixture of these two types of particle would be a superposition
of the two different M-H responses, which reflects the shape of the response found for
tP t = 0.64 and 0.69 nm samples. Furthermore, we suggest that the tP t = 0.58 nm
sample shows a similar response, but weighted more towards the SFi type behaviour,
due to the more highly coupled film generating a larger ratio of particles with a robust
AP state.
Our current model for AF coupled discs does not fully represent all of the constraints
on a single particles, namely, it does not include coercivity. This does not present a
significant problem in the systems that exhibit a zero remanence state: although the
locations of switches will be inconsistent, the overall behaviour of a disc should be well-
represented. However, in the case of a system that has an extinguished zero remanence
state, due to higher coercivity in the particles versus the film, our model is no longer
able to minimise the system energy in a way that accurately represents a real disc. It
would be interesting to adapt our model to include coercivity, and better represent a
wider range of AF coupled systems, so as to deepen our understanding of the particle
transitions and how they diverge from EA responses.
Further insight into the magneto-mechanical behaviour of these types of particle
could be gained through the imaging under applied fields. To make such a study as
constructive as possible, it would be optimal to use slightly larger particles (as was done
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in Section 6.2.1), such that they are much easier to visualise with OM. Nevertheless, in
the next section we utilise OM and reflectivity measurements to explore the magneto-
mechanical behaviour of one of the sets of 1st AF peak 500 nm discs that maintains
its zero remanence state.
Reflectivity and OM
To gain further understanding of the magneto-mechanical behaviour of these particles
in liquid the sample with the strongest AF coupling (tP t = 0.42 nm) was measured
with the reflectivity and OM set ups with integrated applied fields (both described in
Section 3.3). To recap the principal of the reflectivity measurements: highest signal is
induced by a maximum incidence of the light on the disc faces, corresponding with a HP
alignment with the field; low signal is induced by a side on alignment of the discs with
the light, corresponding with an EA alignment with the field. By measuring/imaging
the suspension in a direction perpendicular to a slowly ramping field it is hence possible
to assess changes in particle orientation and self-assembly.
Figure 6.11a displays the reflectivity response of this disc suspension, alongside the
corresponding portion of the liquid VSM response, with the rising field response in red
and the falling field response in blue. A large peak is found as the field is increased,
which then levels out before dropping down to the baseline. This peak in the signal
corresponds with the discs aligning their HP with the field. The drop in signal indicates
particle saturation. As the field ramps back down the signal stays low until ∼ 1.5 kOe,
indicating a maintenance of the EA alignment. The discs then exhibit a peak in signal,
as they return to the linear regime and realign their HPs with the field. The transition
between the saturated and linear regimes occurs at a lower field value in the falling
field response due to the coercivity in the system. We also find a jump in signal around
zero field, which indicates a ferrimagnetic state: the particles align their EA with the
field again in the low field regime and rotate 180° around zero, as seen in Section 6.2.1.
Due to their size (∼ 500 nm diameter, ∼ 12 nm thick) it is not trivial to focus on
individual nanodiscs with the OM, however their self-assembly helps to reveal the disc
orientations across the population. Figure 6.11b displays snapshots of OM videos at
four different applied field values, which are indicated in the corresponding VSM and
reflectivity responses in Figure 6.11a.
Under the remanent field of the dipole electromagnet (∼ 10 Oe), as seen in image 1,
the nanodiscs are very difficult to see. This corresponds well with the response seen in
the reflectivity measurement: in the low field regime we determined that the nanodiscs
aligned their EA with the field direction due to an inherent ferrimagnetism, this would
make them very challenging to observe in the OM as their thickness is significantly
smaller than the lens resolution and the wavelength of the incident light.
In the second image, the applied field has risen to ∼ 2.4 kOe. Here, we just distin-
guish the speckling of the nanodiscs across the image. This indicates that they have
switched to an off-axis alignment with the field (not HP due to the SFi characterisation—
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see Section 6.2.2). This matches well with the findings in the reflectivity and liquid
VSM responses: this field location corresponds with the peak in the reflectivity data
and the sloped AP–P transition in the VSM loop.
After the field has reached a maximum, causing the particles to saturate, we ramp
it back down and look at the third field value of ∼ 2.2 kOe. The VSM and reflectivity
data suggest that the nanodiscs are still in an EA alignment with the field here. Again,
this matches with the OM observation: the nanodiscs are in the formation of long face-
to-face chains which line along the field direction.
Finally, we look at a further reduced field at ∼ 1.3 kOe. In the VSM loop, this lies
towards the bottom of the P–AP transition. In the reflectivity response, the signal at
this field has risen back above the baseline. In the OM image we observe a scattering
of the nanodiscs away from the previous chain locations. Their relatively strong visi-
bility supports the theory that they exhibit some HP field alignment during the P–AP
transition.
Overall this work demonstrates the convenience of the reflectivity measurement, and
how it is highly complementary to the OM imaging of nanodiscs, which are challenging
to resolve optically. We have shown that this technique offers a simple method to assess
the magneto-mechanical transitions of PM discs, even on the nanoscale, under applied
fields. The implementation of a laser for measurement is transferable to devices for
applications, e.g. magnetic sorting.
(a) VSM and reflectivity (b) OM images and schematics
Figure 6.11: Liquid observations of the 1st AF peak discs with 0.42 nm Pt. (a) The
liquid VSM and reflectivity measurements, with arrows indicating the fields represented
by the 100× OM images in (b). Disc schematics depict the orientations and interactions
of the discs during the different regimes.
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6.4.3 2nd AF peak nanodiscs — low J particles
To experimentally investigate the characteristics of PM AF coupled particles with
particularly low J a series of 500 nm magnetic discs were fabricated from 2nd AF
peak coupled stacks of the form Ta(2)/Pt(2)/CoFeB(tCoF eB)/Pt(tP t)/Ru(2)/Pt(tP t)/
CoFeB(tCoF eB)/Pt(2)/Ta(2) with thicknesses in nm and where tCoF eB = 0.8 or 1
and tP t = 0.21, 0.27 or 0.32. These particles were then studied using a selection of
liquid measurements (VSM, reflectivity and OM) to probe their magneto-mechanical
behaviour.
Liquid VSM
The EA VSM loops of the original thin film and nanodiscs before lift off are displayed in
Figure 6.12 alongside liquid VSM measurements of the nanodiscs suspended in water.
The nanodiscs on chip across these mini-series also show an increase in coercivity and
a smearing of the transitions in comparison with the thin films. However, as discussed
in Section 5.3.3, patterning has a smaller impact on the magnetic properties of 2nd
AF peak nanodiscs compared with 1st AF peak nanodiscs with low J . Consequently,
whilst we do still lose the AP state at remanence as the coupling strength is reduced in
the 2nd peak samples, it has been possible to fabricate nanodiscs with a conserved AP
state and relatively low saturation fields by utilising the 2nd AF peak. Furthermore,
we demonstrate with the VSM responses that this translates into disc suspensions that
maintain the distinct switching behaviour, which is desirable for applications such as
magnetic sorting.
The transformation of the liquid loops, with change in coupling strength, is very
similar to that found for the 1st AF nanodiscs. For convenience, we have labeled the
liquid loops with letters (see Figure 6.12), which we will refer to. If we first focus on the
0.8 nm CoFeB mini-series, we find two samples with a conserved AP state at remanence:
a) and b). Both of these exhibit SFi behaviour in the low field regime: a small switch
is present through zero field. This imbalance is also evident in the EA loops of the
corresponding thin films, with neither expressing zero moment at remanence. These
two disc suspensions then show a linear field response, followed by a strong switch
to saturation, as is characteristic of SFi systems (see section 6.2.1). The sample c),
which does not have a zero remanence state, exhibits different magneto-mechanical
behaviour. The switch through zero-field has a much stronger signal, although not as
strong as the samples in 1st AF peak series that did not have a zero remanence state
(see Section 6.4.2). As the field rises, we find a linear regime, which indicates some
presence of an off-axis field alignment. This is followed by a sharp switch to saturation,
just like that seen in a) and b). Conversely, there is some disparity in the liquid VSM
response as the field ramps down from saturation back to remanence. Namely, there is
more of a two-stage P–AP transition in c): a relatively steep drop in moment, followed
by a more moderate slope until the sharp zero-field switch. Given the shape of the
corresponding ‘on chip’ loop for c), where we observe a somewhat unstable AP state
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Figure 6.12: Normalised VSM loops of the Pt interlayer series of 2nd AF peak thin
films (left) and nanodiscs before (middle) and after (right) lift off. For the nanodiscs,
values of J (Oe emu cm-2) calculated using the average coupling fields are displayed
alongside the ‘on chip’ loops.
at remanence, we suggest that the differences in the shape of the liquid loop is again
the result of particle variation: some particles exhibit an AP state at remanence, while
others do not. Consequently, c) is a superposition of a SFi type loop, like a) or b),
with an FM type loop.
We now move to the 1 nm CoFeB mini-series, which present with slightly lower
coupling than their 0.8 nm CoFeB counterparts (highlighted by the values of J noted
by the disc on chip VSM loops). Liquid VSM loop d) is almost identical to a), but
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with a slightly lower saturation field (∼ 580 Oe rather than ∼ 770 Oe). The EA ‘on
chip’ counterpart of e) is similar to that of c) (which makes sense given their equal J),
with the AP state at remanence appearing unstable (it also did not exist in the MOKE
loop shown in Figure 5.20 of Section 5.3.3). Consequently, the resulting liquid VSM
response is also similar (albeit noisier in the case of e)), with a notably increased signal
in the zero-field switch from d). The final sample in the mini-series, f), has the most
distinct loss of zero remanence state of the 2nd AF peak nanodiscs. As a result, the
liquid VSM loop displays the same shape as the two weakest coupled 1st AF nanodiscs
(see Section 6.4.2): a particularly strong switch through zero field, followed by a strong,
relatively linear response up to saturation. Again, we attribute this to an increase in
the proportion of discs that do not exhibit a zero remanence state.
Studying these types of particle with OM would give further insight into their
magnetic reversal in liquid. However, as mentioned previously for the 1st AF peak
nanodiscs, this would be a more effective study if the discs were of a larger size and
hence easier to visualise. Nevertheless, in the next section we utilise OM and reflectivity
measurements to explore the magneto-mechanical behaviour of one of the sets of 2nd
AF peak nanodiscs that has relatively strong coupling.
Reflectivity and OM
The 2nd AF peak nanodiscs with 1 nm CoFeB and 0.21 nm Pt were further assessed
in their liquid suspension via the reflectivity and OM-magnet set ups (see Section 3.3).
This uncovered some variation in the magneto-mechanical behaviour of the system, in
comparison to that observed in the liquid VSM measurements.
The reflectivity response and OM snapshots of the suspension at four different
points in the measurement are displayed in Figure 6.13. In Figure 6.13a, we find a
distinct mismatch in the point of saturation in the reflectivity versus VSM responses:
unlike with the 1st AF nanodiscs in Section 6.4.2, the steep drop in reflectivity occurs
at a much higher field (H ≈ 1.3 kOe) than saturation of moment occurs in the VSM
loop (H ≈ 600 Oe). To investigate this, we first compare the configuration of the discs
in the OM images with the reflectivity response.
In image 1 of Figure 6.13b, under the remanent field of the dipole, the discs align
their EA parallel to the field direction. This indicates a slight imbalance in the layer
moments and makes them particularly difficult to focus on at this point due to their
thickness (∼ 12 nm). The EA alignment is confirmed through a visible 180° rotation
of the discs under the OM as the field goes through zero.
As the field is ramped up, the discs go through the first magneto-mechanical transi-
tion, rotating their EA away from the field direction. In the reflectivity, this manifests
as a relatively steep rise up to a strong peak. We suggest that the slope in the reflec-
tivity signal is the result of either: the spread of switching fields across the particle
population; the manifestation of the canted state, which will lead to a continuous rota-
tion in the case of a SFi system (see Section 6.2.2); or a combination of the two. In the
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(a) VSM and reflectivity (b) OM images and schematics
Figure 6.13: Liquid observations of the 2nd AF peak discs with 1 nm CoFeB and 0.21
nm Pt. (a) The liquid VSM and reflectivity measurements, with arrows indicating
the fields represented by the 100× OM images in (b). Disc schematics depict the
orientations and interactions of the discs during the different regimes.
OM, the transition is visualised as an emergence of the nanodiscs: their rotation means
that the light is now incident more on their faces which offer a comparatively much
larger surface area, hence making them easier to focus on and distinguish. This effect
is shown in image 2 of Figure 6.13b at a field value of ∼ 600 Oe. As noted before, this
field was strong enough to saturate the nanodiscs in the VSM measurement. However,
this is not what we find in the OM, which instead appears to correspond well with
the reflectivity response so far. Further ramping up of the field causes the steep drop
in reflectivity noted earlier, indicating the saturation of the nanodiscs as they realign
their EAs with the field direction. This second magneto-mechanical transition is also
observed in the OM imaging.
As the field is ramped back down, the particles maintain the EA configuration.
Image 3, which corresponds with a field of ∼ 700 Oe, demonstrates the long, face-to-
face chain formations of the particles in this regime. Eventually, the particles dissociate
from each other, as shown in image 4. At the same point in the reflectivity we observe
a small drop in the signal. We suggest that this indicates that although the discs
maintain their EA alignment with the field, there is a difference between the reflectivity
of chained and unchained particles, while in the same side-on alignment with the laser.
This is a different behaviour to that observed for the 1st AF peak nanodisc sample
in Section 6.4.2, which transitioned back to the AP state via the HP configuration. The
strong difference in coupling strength is the key difference in between the two samples,
and thus plays a role here. The other factor that leads to this changed behaviour,
which separates the real system from the model, is particle interactions. We have just
noted the formation of long face-to-face chains by the 2nd AF peak discs. Through a
stray field calculation (see Section 6.4.1) we find the field experienced by a particle at
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the end of a chain, due to the magnetic moment of the other particles in the chain, as
a function of chain length. The results of these calculations for both the 1st and 2nd
AF peak discs are presented in Figure 6.14a. In the calculations, the key differences
between the discs are the overall particle thickness (slightly larger for the 2nd AF discs)
and total moment (also slightly higher for the 2nd AF discs). Here, we see that in the
small chain regime, for both sets of discs, the total field rises dramatically each time
another disc is added. They both then reach maximum stray fields in the region of
900 Oe, with that of the 2nd AF peak discs being slightly higher. This is a relatively
large field value, however, the coupling field of the 1st AF discs is significantly higher
(∼ 3 kOe looking at the liquid VSM). On the other hand, the coupling field of the
2nd AF peak discs is lower than the total stray field (∼ 500 Oe looking at the liquid
VSM). This means that these discs can generate some level of self-polarisation (see
Section 6.4.1), making the chained state more favourable, which delays their P–AP
switch enough to suppress the linear regime in the falling field response. However, the
self-polarisation effect is not strong enough to prevent the dissociation of the particles
under zero field, despite the fact that only a chain length of 10 particles is required to
reach a stray field that exceeds the coupling field. This is explained by the fact that
the stray field calculations are based on a perfect face-to-face alignment of completely
flat discs: in reality, there will be imperfect lateral alignment and extension of inter-
particle distances. Consequently, our calculation is only an estimate of the maximum
possible interaction, and the fact that the 2nd peak discs express a dissociated state
proves that this is an overestimate.
As noted earlier, a key difference between the responses of the 1st and 2nd AF
peak nanodiscs during the liquid measurements is the lack of correspondence between
the reflectivity and OM with the VSM, in the case of the 2nd AF peak sample. One
significant difference in the conditions during VSM, compared with reflectivity or OM,
is the vibration of the disc suspension at 75 Hz. We propose that, as such vibration
(a) Face-to-face (b) Side-to-side
Figure 6.14: The cumulative stray field experienced by a 500 nm disc at the end of (a)
face-to-face and (b) side-to-side particle chains, as a function of chain length.
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could be capable of disrupting particle chain formation, the discrepancy in responses
could be linked to the effects of particle interactions and chaining, as we have just
seen in the suppression of the HP alignment. However, we note that the stray fields
involved in the side-to-side chaining of the discs (the configuration prior to saturation)
will be significantly smaller than those we have calculated for face-to-face chains. This
is demonstrated in Figure 6.14b: although slightly higher than for the 1st AF disc
counterpart, the maximum total stray field in a 2nd AF disc side-to-side chain does
not exceed 40 Oe. Hence, this will not be nearly large enough to induce a saturation
of moment along the HP, which would be the requirement for the side-to-side chaining
becoming more favourable than a magneto-mechanical switch to EA saturation.
Alternatively, it is possible that the vibration of the sample in the VSM provides
the nanodiscs with a mechanical perturbation that allows them to more easily (i.e. at
lower applied fields) overcome energy barriers and change configuration. An alternative
way of measuring the variation in magnetic moment with applied field, without sample
vibration, would be via a superparamagnetic quantum interference device (SQUID).
Comparison of SQUID data of the nanodisc suspensions with our VSM, reflectivity
and OM data would help us to understand these systems even more.
Another condition that should be considered is the FSR used during the different
measurements. VSM measurements could be described as quasi-static: the field is
ramped in chosen steps, with a pause at each value. In the case of our liquid VSM
measurement of the 2nd AF peak discs, we approximate an effective FSR of 2.5 Oe/s.
A similar method of field application was used during the OM imaging, but the param-
eters produced an effective FSR of ∼ 40 Oe/s. A continuous ramp method was used in
the case of reflectivity, at a FSR of 30 Oe/s. The OM and reflectivity measurements
thus use an FSR that is an order of magnitude higher than that of the VSM. Although
this variation will only induce a relatively minimal change on the dynamics of magnetic
reversal (i.e. there will not be a large change in EA switching field — see the variation
in similar films in Section 4.3.3), it is possible that this difference in FSR is enough
to have much larger consequences on the mechanical behaviour of the particles. In
particular the interactions between particles will be affected: increased timescale leads
to increased chaining.
Given this discovery, we note that the reflectivity measurements employed in this
work might have been important in portraying the behaviour of the particles outside
of a vibrating environment, which better represents the conditions in an application
scenario (e.g. microfluidic chip or biomedical device). Additionally, our set up for
these measurements allows us a greater variation in FSR application, which could
be exploited to examine the FSR dependence of the magneto-mechanical transitions.
This further demonstrates this measurement technique as complementary to those
previously used, to assess PM nanoparticles.
The assessment of a larger range of coupled particles could provide insight into
the magneto-mechanical behaviours studied here. It would be more convenient to
undertake such experiments with particles with a larger diameter, such that their
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orientations were easier to analyse with OM. It could however be interesting to compare
the behaviour of particles of different sizes, that have been fabricated from the same
thin film stack.
6.5 Particles with multiple coupling strengths
To investigate the possibility of manufacturing PM particles with multiple switching
fields, two different multilayer thin film stacks were grown and patterned into 1 μm discs
via nanosphere lithography with ion milling. The first is a double SAF bilayer, in the
form Ta(2)/[Pt(2)/CoFeB(0.9)/Pt(x)/Ru(0.9)/Pt(x)/CoFeB(0.9)/Pt(2)/Ta(2)]2,
where x = 0.45 and 0.3 and thicknesses are in nm. The second is a triple SAF bilayer, in
the form Ta(2)[/Pt(2)/CoFeB(0.6)/Pt(x)/Ru(0.9)/Pt(x)/CoFeB(0.6)/Pt(2)/Ta(2)]3,
where x = 0.55, 0.4 and 0.3 and thicknesses are in nm. By using different Pt interlayer
thicknesses in each bilayer the SAFs possess layers with different coupling strengths
and therefore multiple switching fields. The design of these SAF structures was further
discussed in Section 4.2.3.
6.5.1 Dual bilayer SAFs
Locating magnetic switches
As can be seen in the VSM loops in Figure 6.15, by carefully choosing the Pt interlayers
such that the coupling fields (HJ ≈ 1370 and 2520 Oe) are well separated, it is possible
to create a thin film with two, well-defined pairs of switches either side of remanence.
Furthermore, such a film can be patterned into particles that, despite increases in
coercivity, conserve this distinct switching behaviour. The average coupling fields of the
discs on chip are extracted to be 1080 Oe and 2170 Oe, slightly lower than those of the
corresponding film. This observation is consistent with effects discussed in Section 4.2.3
and is attributed to the patterning process inducing defects in the coupling interlayers
(Pt/Ru/Pt), leading to a reduction in coupling strength. It also seems that these
transitions are distinguishable in the VSM measurement of the disc suspension. To
better quantify how the individual bilayer switching translates from films, to discs
on chip, to discs in liquid we take the derivative of the VSM loops (Savitzky Golay
smoothed with polynomial order 1 and a window of 10) and locate peaks that are
associated with the transitions in each version of the SAF.
Alongside the VSM loops, Figure 6.15 displays the Gaussian fitted peaks of the
derivatives in the rising (red) and falling (blue) field responses. Each peak is labeled
with its FWHM. All forms of the double SAF exhibit two separable peaks corresponding
with both AP–P and P–AP transitioning. However, there is a very clear decrease in
the lower field peak from the film to the discs on chip and in both of the peaks in
the suspended discs. Additionally, these peaks are wider, with larger FWHMs. This
corresponds with the more sloped transition observed in the VSM responses. There
are notable shifts in the centres of the peaks from the film to disc forms of the double
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(a) Thin film
(b) Discs on chip
(c) Discs in liquid
Figure 6.15: The VSM loops (left) of the double SAF stack in (a) film and (b) & (c)
disc form. The derivative with Gaussian fit of peaks of the rising (red) and falling
(blue) field sections of the loops are displayed to the right. Each peak is labeled with
its FWHM.
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SAF, which corresponds with the increase in coercivity mentioned earlier. This, as well
as the smearing of the transitions in the disc VSM, is mainly the result of measuring
a large population of particles; as discussed in more detail in the previous chapter
(see Section 5.3.1), the fabrication process induces variation in the magnetic properties
across the set of discs.
Macrospin simulations
We adapted the PM AF coupled particle system modeled in Section 2.1.3 to include
two magnetically independent, but mchanically coupled CoFeB bilayers, as is shown
in Figure 6.16a. Using this, the liquid response of a double bilayer particle was then
simulated. To simplify, it was assumed that the particles were perfect SAFs, with no
imbalances in moment between the different CoFeB layers, and that MS and K were
also consistent across the layers. The values J = 0.20 Oe emu cm-2 and J = 0.11 Oe
emu cm-2 were extracted from the minor MOKE loops taken of each bilayer in the thin
film (see Figure 4.7a in Section 4.2.3) and implemented in the model.
The resulting M-H response in liquid is presented in Figure 6.16b, accompanied by
some disc schematics that demonstrate the configuration of the disc and layer moments
with respect to the field. Up to the point of the first sharp switch (H ≈ 1.7 kOe), the
system exhibits the classic linear response, with the disc aligning its HP with the field
and all the layer moments canting away from the EA/towards the field direction. In
this regime, due to the different values of J , the layer moments pairs cant at different
angles. The moments in the bilayer with J = 0.11 cant to a maximum angle of ∼ 10°.
The moments in the bilayer with J = 0.20 cant to a maximum angle of ∼ 8°: the
higher coupling strength means that a stronger field is required to cant the moments
(a) Double bilayer system (b) Simulated liquid response
Figure 6.16: (a) A schematic of the system used to model the double bilayer stack. (b)
The simulated liquid hysteresis alongside disc schematics. The arrows correspond to
the moments of each CoFeB layer and the applied field, as labeled in (a).
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to the same angle as the J = 0.11 moments.
The first sharp switch comprises a magneto-mechanical transition, similar to that
seen in the AP–P transition observed for SAFs with a single coupling field (see Section
2.2.2), whereby the disc abruptly rotates to align its EA parallel with the field direction.
The key difference in the case of this double SAF system lies with the configuration
of the layer moments. The bilayer with the lower coupling saturates with both layer
moments switching to the parallel configuration with the EA and field, as has been
seen previously. However, the applied field is not yet high enough to saturate the
bilayer with the higher coupling. Therefore, as the more highly coupled CoFeB layers
experience the mechanical rotation, they too undergo a rotation of their magnetic
moments, returning them into the AP state along the EA. This disc configuration
remains until the higher saturation field (H ≈ 2.3 kOe), which induces the purely
magnetic, sharp AP–P transition of the more highly coupled bilayer.
Experimental observations in liquid
The suspension of dual bilayer discs was assessed using the reflectivity and OM-magnet
set-ups to further explore their magneto-mechanical behaviour in liquid under applied
field: the results of which are displayed in Figure 6.17. Once again, we find a strong
match between the particle behaviour in reflectivity measurements and OM images.
The reflectivity response shown in Figure 6.17a looks very similar to that found for
the 1st AF peak, single bilayer in Figure 6.11a. We observe the same large, relatively
flat peak in the rising curve, which corresponds with a HP alignment of the disc with
the field, as is shown in image 2 of Figure 6.17b. We note that the reflectivity signal
exhibits a brief period of a more moderate rise prior to this flat peak, which most likely
corresponds to some spread in the particle properties, or the expression of an SFi canted
rotation (as was suggested for the 2nd AF peak discs). We also find similar behaviour
to the 1st AF discs in the low-field regions of both the rising and falling sections of the
curve: a small jump in reflectivity at zero field, which indicates a ferrimagnetic-driven
180° rotation; and a peak in reflectivity as the field ramps down towards zero, which
corresponds with the P–AP transition occuring via the HP configuration. Finally, as
seen previously, the full saturation field in the liquid VSM (to plot of Figure 6.17a)
corresponds with the steep drop in reflectivity during the rising field, and thus the
mechanical rotation of discs to align their EAs parallel with the field (see image 3 of
Figure 6.17b).
However, the experimental response does not match that of the simulation in the
previous section. Specifically, the simulation predicts a 90° mechanical rotation of
these discs at the saturation field of the bilayer with the lower J , which would induce
a drop in reflectivity to occur at the same field. However, we experimentally observe
the reflectivity drop at what appears to be the saturation field of the higher J bilayer.
There are a few effects that might have the potential to delay the mechanical
rotation in the real system compared with the theoretical one. The first potential
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(a) VSM/reflectivity (b) OM images and disc schematics
Figure 6.17: Liquid observations of double bilayer SAF particles. (a) A zoom in of the
liquid VSM response (top) compared with a reflectivity measurement of the discs. The
black arrows highlight the field points that correspond with the 100× OM images of
the disc suspension in (b). Disc schematics indicate the disc orientations relative to
the field.
effect originates from the fact that the real system involves a suspension containing
thousands of particles. The modeled system is based on the behaviour of a single
particle, and hence excludes the effects of any inter-particle interactions. There are
therefore additional effects involved in the real system that are not included in the
model, which could delay the mechanical switch. We note, from the analysis in Figure
6.15c and Section 6.5.1, that there is evidence of two switches being present in the rising
and falling response of the liquid VSM measurement. This indicates the possibility that
the VSM response of the disc suspension more closely matches the simulated response.
One key difference in the conditions of the particle suspension during VSM, as
discussed previously in Section 6.4.3, is the sample vibration at 75 Hz. It is possible
that this vibration is disruptive to chain formation. Consequently, the discs exhibit
behaviour closer to that of the single disc in the simulation.
Another difference between the different measurement types, also discussed in Sec-
tion 6.4.3, is FSR. Here, we again used a much lower FSR during VSM (∼ 2.5 Oe/s)
compared with reflectivity (60 Oe/s) and OM (∼ 40 Oe/s). This will also have conse-
quences on the chaining effects, as an increased timescale could allow interactions to
manifest more substantially. This idea could be tested with varied FSR measurements,
potentially via the reflectivity set up.
The second effect also follows on from the 75 Hz sample vibration in the VSM
measurements only. As mentioned in section 6.4.3, this vibration will increase the
overall energy of the particles, which could lower the energy barriers enough for the
nanodiscs to make transitions at lower applied fields. SQUID measurements could
provide useful insight into the behaviour of this system, as an alternative method of
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analysing the change in moment with field without sample vibration.
6.5.2 Triple bilayer SAFs
Locating magnetic switches
By using thinner layers of CoFeB (0.6 nm) we are able to create a triple bilayer stack
with three distinct and well separated coupling fields (HJ ≈ 1190, 2480 and 3580 Oe);
the coupling strength induced in a CoFeB bilayer is a thickness dependent effect, such
that a pair of 0.6 nm layers of CoFeB exhibit a higher coupling field than a pair of 0.9
nm layers [8]. Hence, the use of thinner CoFeB both expands the range of accessible
coupling fields and also increases the spread between them. The EA VSM result of
the engineered thin film stack is shown in Figure 6.18a, alongside the derivatives of the
rising and falling field responses. The Gaussian fitted peaks highlight the marked clarity
and separation of the switches. As was discussed in Section 4.2.3, the bilayer with the
strongest coupling, which is also at the top of the stack, exhibits less sharp transitions
than the other two. This is due to increased defects, caused by the particularly thin Pt
interlayer and increased roughness higher up the stack, which leads to a more nucleation
dominated transition and increased domain wall pinning. This behaviour is reflected
in the switch peaks: the two highest field peaks are noticeably lower in height and, in
particular in the falling field, there is an increase in the FWHM.
Figure 6.18b shows the EA VSM and corresponding derivative plot of the same
thin film stack, but now patterned into 1 μm discs. As we observed with the dual
bilayer samples, the patterning process has induced an increase in coercivity in the
two bilayers with lower coupling fields. This is not the case with the bilayer with the
strongest coupling, which indicates that the behaviour of the transition is dominated
by the defects that were already present in the thin film stack. Nevertheless, the VSM
and derivative peaks demonstrate that the distinct switching behaviour is conserved
from the film to the discs. As was seen for the dual bilayer discs, there is also a loss of
sharpness in the transitions, which is reflected in the increased FWHMs of the peaks
in the derivative plots. Again these results are consistent with the effects discussed
in Section 5.3.1, which attribute the an increase in defects during by the patterning
process to the changes in magnetic reversal.
After lifting the triple bilayer discs off substrate and suspending them in water, a
liquid VSM measurement is made to assess if the switching behaviour is maintained in
fluid. 6.18c shows the resulting loop, alongside the derivative plots with the discernible
peaks fitted. In the rising field, although there is a further increase in the smearing
of the transitions, we observe three switches in the VSM loop and three corresponding
peaks in the derivative plot. However, in the falling field, the highest field switch is
conserved whilst the lower two appear to have merged together. The increased smearing
of the transitions is the result of measuring a large population of particles (as discussed
previously in Section 5.3.1). Furthermore, the added degree of freedom provided by
the ability to mechanically rotate in water opens up the energy landscape of the triple
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(a) Thin film
(b) Discs on chip
(c) Discs in liquid
Figure 6.18: The VSM loops (left) of the triple SAF stack in (a) film and (b) & (c)
disc form. The derivative with Gaussian fit of the rising (red) and falling (blue) field
sections of the loops are displayed to the right.
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bilayer and induces a broader range of transitions. These include off-EA alignments
with the field direction, causing layer moments to cant continuously across a range
of field, which produces linear field responses (see Section 2.2.2). It is therefore not
unexpected that the superposition of a varied population of discs, displaying a series
of varied transitions, creates less distinct switching behaviour in the VSM response.
Nevertheless, the conservation of three discernible switches in the rising field response
of the triple bilayer discs illustrates that these particles could be employed in magnetic
sorting applications, including multiplexed sorting.
Macrospin simulations
The PM AF coupled particle system modeled in Section 2.1.3 was further modified
to include three magnetically independent, but mechanically coupled CoFeB bilayers,
as is shown in Figure 6.19a. As was done earlier with the dual SAF system (Section
6.5.1), to simplify, it was assumed that there were no imbalances in moment between
the CoFeB layers, and that MS and K were consistent. Coupling fields were extracted
from the minor MOKE loops of the thin film (see Figure 4.7b in Section 4.2.3) and
used to calculate three values of exchange energy, which were then implemented into
the triple bilayer model: J = 0.19, 0.13 and 0.06 Oe emu cm-2.
The M-H liquid response of the system is shown in Figure 6.19b, alongside disc
schematics that demonstrate the configuration of the disc and its layer moments with
respect to the field direction. The result is very similar to that found in the dual
SAF simulation. A linear response with a HP field alignment of the disc and canting
moments up to the first sharp switch (H ≈ 1.4 kOe). Again, the different moment pairs
cant to different maximum angles: θ1 = θ2 ≈ 5.9°, θ3 = θ4 ≈ 7.0° and θ5 = θ6 ≈ 9.1°.
Like in the dual SAF case, the first transition is magneto-mechanical, with the disc
abruptly aligning its EA with the field direction and simultaneously realigning all
(a) Triple bilayer system (b) Simulated liquid response
Figure 6.19: (a) A schematic of the system used to model the triple bilayer stack. (b)
The simulated liquid hysteresis alongside disc schematics. The arrows correspond to
the moments of each CoFeB layer and the applied field, as labeled in (a).
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moments along the EA. Here, the lowest J moments exist in the saturated, P state,
whilst the other two bilayers have returned to the AP state. The following switches, at
H ≈ 2.5 kOe and H ≈ 3.6 kOe, are purely magnetic AP–P transitions of the middle
and highest J bilayers respectively.
Liquid observations
To further explore the magneto-mechanical behaviour of the real triple bilayer discs,
and compare it with the simulated response, the liquid suspension was analysed with
the reflectivity and OM-magnet set-ups. The rising and falling field reflectivity re-
sponses of the discs is compared against the liquid VSM loop in Figure 6.20a. Figure
6.20b shows four OM snapshots of the disc suspension, which correspond with four
different field values, as labeled in Figure 6.20a.
Overall, the behaviour is very similar to that found for the dual bilayer discs. The
discs presented in image 1 are randomly orientated as they are not under the influence
of an applied field. In the reflectivity measurement, a small rise in signal near zero
field corresponds with an 180° mechanical rotation, indicating a SFi state. The typical
large reflectivity peak is then found in the rising field response, with signal dropping
back down at a field that appears to correspond with the full saturation field of the
discs in the VSM loop. Image 2 demonstrates the side-to-side chaining configuration
of the discs in the field range of the reflectivity peak. After saturation, as shown in
Image 3, we find that the discs have mechanically rotated to orient their EAs with the
field direction and the chains have collapsed into face-to-face configurations. Image 4
illustrates the dissociation of the discs once the falling field has reached a low enough
(a) VSM/reflectivity (b) OM images and disc schematics
Figure 6.20: Liquid observations of triple bilayer SAF particles. (a) A zoom in of the
liquid VSM response (top) compared with a reflectivity measurement of the discs. The
black arrows highlight the field points that correspond with the 100× OM images of
the disc suspension in (b). Disc schematics indicate the disc orientations relative to
the field.
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field strength; we infer from the further reduction in the reflectivity signal, from the
saturation level, that the EA of the discs are parallel to the field direction in this case
as seen for the 2nd peak nanodiscs in Section 6.4.3.
One difference between the reflectivity responses of the triple and double bilayer
discs is that the transitions between the EA and HP alignments for the double bilayers
discs are significantly sharper. As has been noted previously, one major contributor
to this lack of sharpness (in the case of the triple bilayer discs) will be the spread of
magnetic properties across the population of discs. In the case of the triple bilayer
discs, which are patterned from a thin film stack with a greater number of layers and
switching fields, there is likely to be a greater spread of properties, and therefore more
sloped transitions. In the case of the first transition up to the reflectivity peak, there
is also the potential for an off-axis SFi rotation to contribute to the slope—as we have
mentioned for both the double bilayer and 2nd AF peak discs (also see Section 6.2.2
and Figure 6.21). In light of this, we suggest the possibility of a novel canted state that
could contribute to the slope of the second transition: from the peak in reflectivity down
to saturation. We have illustrated our suggestion for the series of particle transitioning
in Figure 6.21—from the AP EA alignment, up to the reflectivity peak, and back down
to the saturated EA alignment. The new suggested canted state, occurring between the
reflectivity peak and saturation, involves the unsaturated bilayers remaining in an AP
canted state, whilst the saturating bilayers exhibit a spin-flop configuration (similar to
that found in Section 6.3.4). A configuration like this could occur in liquid in order to
minimise the system energy in the case of imbalances between the six layer moments,
which is a likely feature of the magnetic stack. However, all of our bilayers should exist
in the spin-flip regime, particularly in the case of those with lower J. It is therefore
unfavourable for those bilayers to saturate via spin-flop in a canted configuration, and
thus more likely that it is the spread of properties across the particle population that
creates the sloped transition into the parallel state.
A major difference between the reflectivity of the triple and double bilayer discs is
the lack of HP alignment in the falling field response of the triples. Previously, when we
compared 1st AF peak discs with 2nd AF peak discs, we found a similar difference (see
Section 6.4.3). We explained this by strong inter-particle interactions combined with
Figure 6.21: A schematic of a triple bilayer disc transitioning via the SFi canted regime
up to a peak in its reflectivity signal (shown above), and then transitioning via alter-
native canted states into its saturated state. The arrows correspond to the moments
of each CoFeB layer and the applied field, as labeled in Figure 6.19a.
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weak coupling, in the case of the 2nd AF discs, which made the face-to-face chaining
configuration more favourable and suppressed any HP alignment in the falling field
response. So, in the case of the triple bilayer discs, compared with the double bilayer
discs, we will again consider whether particle chaining is having an effect.
Figure 6.22 presents the field experienced by a particle at the end of a face-to-face
chain, due to the magnetic moment of the particles, as a function of chain length.
Here, the stray field calculations have been made with the particles possessing the
same total magnetic moment (4 × 0.9 nm CoFeB for the double bilayer and 6 × 0.6 nm
for the triple bilayer), but spread across a larger effective magnetic thickness for the
triple bilayer discs (the effective magnetic thickness includes the full multilayer stack,
minus the Ta buffer layers on either end). We find that the triple bilayer discs actually
experience lower stray fields, for a chain length greater than 11, than the double bilayer
discs. However, as we saw previously with the 2nd AF peak discs, it is the stray field
relative to coupling field that is important in the suppression of the linear regime. In
the case of the both disc types, the lowest coupling field is ∼ 1.5 kOe, which is higher
than the maximum total stray fields of ∼ 950 Oe for the doubles and ∼ 550 Oe for
the triples. Although, these fields are roughly the same order of magnitude, which
suggests that inter-particle interactions in these systems could be capable of affecting
switching behaviour. It is not however clear why we have found a difference between
the response of the double and triple bilayer discs, as these results indicate that they
should behave in the same way. We suggest that the simplifications of our model for
calculating stray fields, such as assuming perfect face-to-face alignment within a chain,
could be masking a greater variation in interactions between the two disc types, which
might lead to a difference in behaviour during their falling field response in liquid.
The key agreement between the dual and triple bilayer discs is their lack of corre-
spondence between the simulated and real responses. The triple bilayer disc model, just
like the dual disc model, predicts the abrupt mechanical rotation into the EA alignment
at the saturation field of the lowest J bilayer. However, in reality, the discs appear to go
through this transition at the final saturation field of the magnetic stack. Conversely,
Figure 6.22: The cumulative stray field experienced by a 1 μm disc at the end of a
face-to-face particle chain, as a function of chain length.
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the liquid VSM response exhibits three clearly identifiable transitions, as discussed in
Section 6.5.2, which matches better with the M-H response of the simulation. This
indicates that the magneto-mechanical behaviour exhibited during this measurement
of the real disc suspension is different to that in the reflectivity and OM. Consequently,
we suggest that this difference stems from major difference in measurement condi-
tions between the VSM and reflectivity/OM: namely the 75 Hz sample vibration and
FSRs, as discussed in Section 6.5.1. As has been mentioned before, SQUID and FSR
dependence data should shed more light on the behaviour of this system.
6.6 Conclusion
This chapter has made a thorough investigation into the magneto-mechanical behaviour
of PM AF coupled particle systems under uniaxial applied magnetic fields. The novel
transitions of these particles have been probed, through macrospin simulations and
experimental analysis, whilst exploring their variation with a selection of parameters
including EC, PMA and moment imbalance.
First, we extended the research from the simple SAF case to the moment imbalanced
SFi case. This revealed an additional transition through zero field, in form of a 180°
particle rotation. Furthermore, we demonstrated that even a relatively small imbalance
in moment induces an alteration in the particle configuration during the linear field
response: whilst a SAF disc exhibits perfect HP alignment to the field, with equal
moment canting, a SFi disc continuously rotates its EA away from the field, up to a
maximum angle α < 90°, which is driven by an imbalance in moment canting. By
conducting macrospin simulations across a broader range systems, we showed that the
ultimate configuration that a SFi disc reaches, just before the point of saturation, is
influenced by both the degree of ferrimagnetism and the balance between the EC and
PMA energies. More extensive simulations uncovered another new transition, for discs
with particularly strong EC/weak PMA, which manifests in a very high field regime
with spin-flop characteristics.
An alternative exploration into the energy landscape of PM AF coupled particles
was then made experimentally, utilising liquid VSM, reflectivity and OM measure-
ments. Here, we investigated the effect of coupling strength on particle behaviour.
This included how the loss of a zero remanence state transforms magnetic reversal,
with some alteration to the more familiar SFi transitions, and thus does not result in
a ferromagnetic response. Additionally, we considered the particles with multiple cou-
pling strengths and found that it was possible to engineer thin films with two or three
distinct coupling fields, which were conserved upon their patterning into magnetic discs
and subsequent release into liquid.
Reflectivity measurements were found to be particularly useful in the assessment
of particles that were challenging to distinguish with an OM. As these require a very
simple optical set up, this work demonstrates the potential for this novel technique
of the assessment of magnetic particle to be implemented in applications. Moreover,
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a discrepancy was discovered between the magnetic response of particles under the
conditions of a VSM versus in our custom reflectivity and OM-magnet set-ups. Fur-
ther investigation is required into this phenomena, however, our work indicates that
the reflectivity method is perhaps more appropriate, or at least offers new insight, in
characterising the mechanical behaviour of particles for application driven studies.
Overall, the work in this chapter has developed our understanding of PM AF cou-
pled particle systems, experimentally and theoretically. It illustrates the range of
possible transitions and configurations, which are accessed by the application of simple
uniaxial fields. This demonstrates these systems as attractive platforms for biologi-
cal and other fluidic applications, including in the dynamic self-assembly of complex
architectures, multiplexed magnetic sorting and soft robotics.
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Chapter 7
PM SAFs in a magnetic
combination cancer therapy
Note: This work was done in collaboration with M. Stanton (Prof. Cowburn’s group),
I. Rodrigo (BCMaterials and the Department of Electricity and Electronics, University
of the Basque Country) and D. Valdés (Balseiro Institute, National University of Cuyo
and the Magnetic Resonance Laboratory, Bariloche Atomic Centre). In vitro treat-
ment experiments were supported by B. Herrero de la Parte (Department of Surgery,
Radiology and Physical Medicine, University of the Basque Country). The work was
completed for the IEEE Magnetics Society, as a winning student-led project from their
2018 Summer School.
7.1 Introduction
Cancer is a leading cause of death across the world: it estimated that cancer claimed 9.6
million lives in 2018 alone [34]. Cancer cells are highly resilient, which makes tackling
the disease incredibly challenging. In order for a therapy to be successful in attacking
cancer, it ideally combines a high level and persistent toxicity to cancer cells with a
low negative effect on other, healthy cells in the body. This will destroy the cancer,
prevent recurrence or metastasis, and limit undesirable side effects to a patient. Two
common treatments that are currently used in medicine, and often in combination,
are chemo- and radio-therapy. Together they apply a persistent, body-wide treatment
alongside doses of the more focused radiation, which is often successful in fighting a
range of cancers. However, it is well known that these aggressive methods also have
a negative impact on healthy tissue, which induces unpleasant side effects in patients.
Accordingly, there is a lot of research being conducted into alternative treatments, and
how different therapies may be combined, with the aim of improving cancer destruction
and reducing adverse side effects.
Perpendicularly magnetised (PM) synthetic antiferromagnetic (SAF) microdiscs
(MDs) have previously been demonstrated as viable candidates for the magneto-
mechanical destruction (MMD) of cancer cells. In this therapy the particles are ac-
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tuated in a low-frequency, rotating magnetic field, which creates high torques that
can effectively damage and kill cancer cells [16, 19]. There is potential for this treat-
ment option to have great efficacy: efficient killing of cancer cells, alongside scope for
the avoidance of negative effects on healthy tissue through the use of well-established
cell targeting technology. Another approach, which is more well-established and is al-
ready appearing in clinical trials, is magnetic hyperthermia. Here, magnetic iron oxide
nanoparticles (IONPs) induce cytotoxic heating of cells under the application of high
frequency AC magnetic fields [8, 22, 24]. In addition to research on these particle-based
methods as stand alone treatments, there are also studies being made into them as sup-
plementary or synergistic methods to the more conventional chemo- or radio-therapies
[10, 15, 21, 28].
This project aimed to investigate the potential for creating a ‘magnetic combination’
or solely particle based therapy, providing a novel, drug-free approach to the treatment
of cancer. We endeavoured to take the hyperthermia and MMD concepts, which are not
currently totally effective at killing cancer cells, and explore whether their integration
would create a more successful treatment.
7.2 SAF particle design
The MDs were fabricated via a simple top-down lithography process: a PM SAF stack
was sputtered on to 2 μm photoresist pillars and then released into solution by dissolving
away the resist in acetone [31]. An SEM image of the resulting MDs is shown in Figure
7.1b. The magnetic stack used is described by Au(10)/[Ta(2)/Pt(4)/CoFeB(0.9)/
Pt(0.4)/Ru(0.9)/Pt(0.4)/CoFeB(0.9)/Pt(4)]10/Au(10), with thicknesses in nm (see
Figure 7.1a). The Ru layer provides strong AF coupling, through the RKKY interaction
[3, 23], which gives the MDs a zero remanence state and prevents their agglomeration
in water in zero applied field. The Pt layers force the magnetisation of the discs out of
plane, creating a single EA, which provides the necessary lever to transform magnetic
torque into mechanical torque in a rotating field [11, 16, 31]. The Pt interlayers have
been made as thin as possible, without compromising the sharpness of the magnetic
switching, to maximise the AF coupling and therefore preserve the zero remanence
state [14]. The amorphous Ta acts as a smoothing layer, promoting sharp switching
[29]. The main motif of the stack is repeated 10× to increase the net moment of the
discs, therefore increasing their potential torque. Finally, the stack is capped on both
sides with Au, for bio-compatibility.
Analysis of a thin film, sputtered concurrently with the MDs, was used to char-
acterise the magnetic properties of the chosen stack. Figures 7.1c and 7.1d show the
MOKE and VSM measurements respectively. The arrows alongside the MOKE loop
represent the magnetisation direction of the two sets of CoFeB layers (bottom layers
before Ru, top layers after Ru). From the MOKE data, we can determine the sat-
uration field, HS = 2300 Oe, the coupling field, HJ = 1800 Oe, and the coercivity
field HC = 500 Oe. With the addition of the VSM measurements, we can calculate
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(a) Magnetic stack (b) Lifted discs
(c) MOKE of film (d) VSM of film
Figure 7.1: (a) A schematic of the multilayer sputter stack used to create the microdiscs,
which takes the form Au/[Ta/Pt/CoFeB/Pt/Ru/Pt/CoFeB/Pt]10/Au (b) An SEM
image of microdiscs that have been lifted and redeposited for imaging. (c) A MOKE
loop taken of the thin film form of this stack, with arrows indicating the magnetisation
direction the two sets of CoFeB layers. (d) EA and HP VSM measurements of the thin
film, normalised by MS.
the anisotropy field, HK = 6700 Oe, and find the magnetic saturation MS ≈ 1100
emu/cm3. In the EA VSM loop, there is a very small net moment observed at rema-
nence, which is ∼ 3% of the MS. This is likely due to roughness in the large multilayer
stack, creating a slight imbalance in the volume of CoFeB in each set of layers.
7.2.1 Particle torque
Energy simulations of a single PM SAF MD under an applied magnetic field were
conducted to investigate the potential torque that could be applied to cells, using the
same method as in [16]. Here, the macrospin model detailed in Section 2.1.3 (and
used throughout Chapter 6), was used to generate the full energy landscape of a MD
under a particular applied field. The minimum energy configuration of the CoFeB layer
moments was then found for the range of alpha (0–180°), the angle between the field
and the EA. Using the definition of the magnetic torque, T = m × H , the magnitude
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of the torque could then be calculated using:
T = MHK sin(α− θ) (7.1)
where HK is the anisotropy field, and θ is the angle between the net layer moment M
(for all ten bilayers) and the EA (assuming that the two CoFeB layers are equal, for
simplicity).
As is seen in the graph in Figure 7.2, there are strong variations in maximum
possible torque with both applied field strength and with alpha, the angle between
the EA of the MD and the field direction. To maximise the effectiveness of an MMD
therapy on cancer cells, the treatment is carried out using a 10 kOe rotating field.
Under these conditions, the MDs can apply a maximum torque of ∼ 40 fNm, which
translates to a maximum force of ∼ 40 nN. This is a significantly higher force than the
100s of pN required to rupture a cell membrane, as quoted in the literature [13].
Figure 7.2: The simulated torque of a single MD when its EA is at an angle, alpha, to
the field direction, for a range of applied field strengths.
7.3 Combining SAF MDs with IONPs
Note: the synthesis and characterisation of the IONPs were carried out by D. Valdés
with the help of I. Rodrigo. The optical microscopy and SEM imaging were performed
jointly with M. Stanton. The calorimetry and AC hysteresis measurements and analysis
were completed by I. Rodrigo.
7.3.1 Synthesis and characterisation of IONPs
The fabrication of IONPs, for the magnetic hyperthermia aspect of the combined ther-
apy, was done through a standard chemical synthesis method. Under reflux conditions,
iron (III) acetylacetonate was thermally decomposed in the presence of oleic acid, using
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Benzyl ether as a solvent, for 40 min. This created oleic acid coated IONPs, which are
hydrophobic. The IONPs were imaged by TEM (see Figure 7.3a) and ImageJ software
was used to analyse the size distribution of the particles through the assessment of
particle area (see Figure 7.3b). This determined an average IONP diameter of 26 ± 1
nm.
The particles were made hydrophilic, and therefore more bio-compatible, by coating
with two different compounds: DSPE-mPEG-2000 (PEG) and dextran (dex) [17]. To
ascertain the organic mass fraction (proportion of PEG/dex molecules) of the coated
IONPs, a thermogravimetric or mass loss test was carried out: the particles were
heated up to ∼ 900 ℃ over a period of ∼ 90 mins and their mass was recorded as a
percentage of the original mass. The results are displayed in Figure 7.3c. Both samples
exhibit two distinct decreases in mass at ∼ 250 ℃ and ∼ 700 ℃. These correspond
with decomposition of oleic acid into H2O, CO2, H2, O2 and graphite; and graphite
respectively. The total mass loss, and therefore coating proportion, was quantified as
22.20% and 21.96% for dex- and PEG-IONPs respectively.
The coated IONPs were characterised magnetically using VSM measurements, with
the resulting loops shown in Figure 7.3d. Both curves strongly resemble typical super-
(a) TEM (b) Size distribution
(c) Mass loss (d) VSM
Figure 7.3: (a) A TEM image of uncoated IONPs. (b) The size distribution by diameter
(d) of the uncoated IONPs: they have an average diameter (<d>) of 25.8 nm with
standard deviation (σv) of 1 nm. (c) The percentage mass of the coated IONPs over
time (blue and red) as temperature, T , (black) is increased, causing the removal of the
coating. (d) VSM measurements of the coated IONPs.
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paramagnetic behaviour, but with a very small amount of hysteresis around remanence
(see inset in Figure 7.3d). This may be due to particles being in a blocked state at
room temperature: particle magnetisation does not flip repeatedly, as it would if it were
superparamagnetic, resulting in the particles exhibiting a net moment at remanence
[1]. The MS of the particles was calculated from a Langevin fit, giving 73 ± 1 emu/g
and 74 ± 1 emu/g for dex- and PEG-IONPs respectively. These findings indicate that
the coatings do not have an effect on the magnetic behaviour of the particles.
7.3.2 IONP-MD behaviour in liquid
VSM analysis
Before carrying out in vitro experiments that utilise combinations of MDs and IONPs,
we made some investigations into how the different particles interact with each other
in a simplified fluid environment. The liquid VSM data in Figure 7.4 compares the
magnetic responses of MD-IONP mixtures suspended in water with the responses of
the individual samples under the same conditions. The shape of the liquid VSM loop
of the MDs has some variation from that of the EA loop taken of the corresponding
thin film [30]. As previously discussed in Chapter 6, this is a result of increasing the
freedom of movement of the discs, thus allowing them to rotate mechanically under
the applied field in order to minimise their energy. They are therefore able to access
new parts of their energy landscape, which creates different chaining configurations
and alters their magnetic behaviour in comparison with a corresponding thin film [30].
Looking at the liquid VSM loops of the MD-IONP mixtures, shown in Figure 7.4,
they both take the general form of a superposition of the loops from the separate com-
ponents. This is not unlike the results we found in Sections 6.4.2 and 6.4.3 for mixtures
of particles with and without zero remanence states. To further probe the behaviour
of these particles mixtures under applied fields, and discover how they interact with
each other, we imaged them using OM.
(a) MDs and dex-IONPs (b) MDs and PEG-IONPs
Figure 7.4: Liquid VSM measurements of the MDs, dex-IONPs and PEG-IONPs both
individually and in two MD-IONP mixtures. Magnetic moment has been normalised
by respective MS.
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Particle imaging
To image the particles in similar conditions to those experienced with the VSM, droplets
of the particle suspensions were deposited on Si chips and placed in the OM-magnet set
up (see Section 3.3.1). The dipole here was capable of applying a field strong enough
to saturate all particles. The interactions between MDs and IONPs are driven by the
dipolar fields that are generated by the particles themselves. At remanence, the MDs
exhibit very low dipolar fields, resulting from the small imbalance in moment which
was found in the EA VSM, low enough that the MDs do not agglomerate outside of
applied fields. Conversely, under higher applied fields and particularly when saturated,
the MDs exhibit a relatively high dipolar field. This creates the characteristic particle
chaining as discussed in [30] and Section 6.2. In Figure 7.5b, which depicts the MD
mixture with the PEG-IONPs, we observe a very similar behaviour as that of a simple
MD suspension: at very low fields, the particles are dispersed, and when the field
strength is increased, the MDs form chains along the field direction.
However, the behaviour of the MD mixture with the dex-IONPs is quite different:
the presence of the IONPs in this case has a significant effect on the chaining response.
Figure 7.5a shows that under the higher field strength, the two particle types form
long inter-particle chains along the field direction: minimising the energy of the system
by maximising the alignment of both particle magnetisations with the magnetic flux.
This is not dissimilar to the response seen by the PEG-IONP sample, however there
(a) MDs and dex-IONPs
(b) MDs and PEG-IONPs
Figure 7.5: Optical microscope images taken at 100× magnification of the two MD-
IONP mixtures suspended in water. DC fields of ∼ 30 Oe (left) and ∼ 3500 Oe (right)
were applied in the vertical direction of the image. Red arrows indicate the applied
field direction.
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is an obvious increase in the inclusion of the dex-IONPs in the chains. The more
prominent difference in behaviour is at lower field strengths: again we do not observe
direct interactions between MDs, however, the dex-IONPs still form small clumps and
chains between themselves and the MDs. This is the result of the IONPs exhibiting a
magnetic moment significantly larger than that of the MDs, even under a low applied
field. The explanation as to why we see this additional chaining with the dex-IONPS,
but not the PEG-IONPS, comes down to the molecules used in their coatings. The PEG
molecules are much larger than the dextran molecules, thus the hydrodynamic volume
of the PEG-IONPs is greater. This has two key effects: a reduction in the ability of the
particles to rotate in order to orient their magnetic moment, and increased shielding
or particle separation. These effects will reduce the dipolar interactions between the
particles, therefore preventing PEG-IONPs from chaining under lower applied fields.
SEM images
SEM images of samples of the MD-IONP mixtures further confirm the conclusions
formed about the particle interactions. Figure 7.6 shows images of particle suspensions
that were saturated in a magnetic field (parallel to substrate surface), removed from
the applied field and then left to dry out on the Si substrate. The dex-IONP sample,
shown in Figure 7.6a, contains distinct chains of the IONPs, which stem from and
connect up the MDs. It is interesting that these chains are still very prevalent, despite
the lack of applied field during the drying process. This firstly indicates that the
(a) MDs and dex-IONPs
(b) MDs and PEG-IONPs
Figure 7.6: SEM images of the particle mixtures dried out on a Si substrate after the
application and removal of a magnetic field.
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dipolar fields from the MDs are sufficient to cause IONP interactions, which could be
possible due to the high susceptibility of the IONPs [12], and secondly suggests that
the dextran coating could be physically sticky to both itself and the Au coating of the
MDs. This would allow the chains to be retained after drying, despite the turbulence
caused during water evaporation.
As expected from the optical imaging results, the PEG-IONP sample does not ex-
hibit the same chaining patterns. In Figure 7.6b we can see a dispersion of MDs,
alongside small clusters of the PEG-IONPs, with no apparent inter-particle interac-
tions. The IONP aggregation could stem from a number of causes: such physical
binding between the coating or surface interactions caused by the sample drying pro-
cess.
7.3.3 Magnetic hyperthermia
Before applying treatments to cancer cells in vitro we characterised the magnetic hy-
perthermia capabilities of the different particles. We used a combination of calorimetric
and alternating current (AC) hysteresis measurements, made using a custom built AC
magnetometer [7], the results of which are displayed in Figure 7.7. The concentra-
tion of dex- and PEG-IONPs were 0.39 mg/ml and 0.45 mg/ml respectively. The MD
concentration was 0.1 mg/ml.
Calorimetry
Heating curves were obtained by inserting a fibre optical thermometer into a vial of
particles suspended in water, while an AC magnetic field with an amplitude of 226 Oe
and a frequency of 301 kHz was applied for 10 mins. The graph in Figure 7.7a shows
that the MD sample does not generate any heat, as is described in the literature [16]
- the decrease in temperature we observe is due to the cooling of the magnet. The
dex- and PEG-IONP samples experienced temperature increases of 12 °C and 15.6
°C respectively. We note that the same effect from the cooling of the magnet could
mean that these values are an underestimate of the temperature increase. As such,
we cannot assume these are absolute values related to the heating capabilities of the
IONPs. However, as each experiment here has been conducted in the same way, it is
still relevant to compare the results.
From the calorimetry data, specific absorption rate (SAR) values were extracted









where C is the heat capacity of the whole sample, mIONP is the total mass of particles
and ψ is the initial slope of the heating curve. This gave 340 W/g for dex-IONPs
and 400 W/g for PEG-IONPs. This indicates that although both IONP samples are
effective at generating heat, the PEG-IONPs have a greater heating efficiency than the
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dex-IONPs.
AC hysteresis
To investigate further, the AC hysteresis loops of all three sets of particles, separately
suspended in water, were measured at a field frequency of 301 kHz with increasing field
intensity (0–226 Oe). The results are displayed in Figures 7.7b - 7.7d. As expected,
after the results from the calorimetry experiment and from the literature [16], the
MDs were unable to align with the field under such a high AC frequency, therefore no
significant AC magnetic response is observed (Figure 7.7b), compared to the IONPs.
We also note that the field amplitude is much smaller than the switching field of the
MDs. However, both IONP samples produced typical sets of AC hysteresis loops. In
Figure 7.7c, we see a series of somewhat tilted and stretched loops from the dex-IONPs,
with decreased areas. Analogous AC loops have been observed previously for systems
of dipolar interacting IONPs with randomly oriented axes [6, 20, 26], which reflects the
chaining behaviour observed of the dex-IONPs during optical microscopy (see Section
7.3.2). The loops produced from the PEG-IONPs , shown in Figure 7.7d, are more
square in shape. Both simulations and measurements of non-interacting, randomly
oriented magnetite particles with uniaxial anisotropy have previously generated similar
hysteretic responses [5, 18, 20, 27].
By comparing the AC hysteresis of a PEG-IONP-MDs with PEG-IONPs alone, as is
shown in Figure 7.7e, we find that the the MDs have an effect on the magnetic response
of the IONPs: there is a small increase in area of the AC loop. This is likely due to
inter-particle interactions causing some modification of the IONP assembly under field.
As the change in the shape of the hysteresis loop is small, it demonstrates that although
MDs have some effect on the behaviour of IONPs, the MDs do not have a significant
effect on the hysteresis of the PEG-IONPs.
SAR analysis
SAR versus field strength curves were extracted from the AC hysteresis measurements






where f is the field frequency and c is the IONP mass concentration (mass/sample
volume). The results are presented in Figure 7.7f.
Both curves take the same shape, with small SAR values at low magnetic fields,
followed by a more rapid increase with field strengths above ∼ 100 Oe. This trend was
previously reported for nanoparticles large enough to maintain permanent magnetic
dipoles [5], which was observed in the VSM data (see Section 7.3.1). As was calculated
from the calorimetry experiment, the PEG-IONPs produced higher SAR values than
the dex-IONPs. However, there is a discrepancy between the SAR values calculated
from the calorimetry and magnetometry: reading from the curves in Figure 7.7f, we
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(a) Heating curves (b) AC hysteresis - MDs
(c) AC hysteresis - dex-IONPs (d) AC hysteresis - PEG-IONPs
(e) AC hysteresis - PEG-IONPs and MDs (f) SAR
Figure 7.7: A characterisation of the hyperthermia capabilities of the particles when
suspended in water. (a) Temperature, T , curves for each particle type under an applied
AC magnetic field with a magnitude of 226 Oe and a frequency of 301 kHz over time,
t. (b) - (d) AC hysteresis loops of the three particle types under applied fields with a
frequency of 301 kHz. (e) AC hysteresis loops of a PEG-IONP and MD mixture (red)
compared with PEG-IONPs alone (black). (f) SAR curves for the IONPs.
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find smaller values for SAR at 226 Oe as was found from the calorimetry data. In
the case of calorimetry, SAR is determined from the initial slope of the temperature
versus time curve. However, multiple factors may influence this slope, and thus the
calculated SAR value, including: volume of fluid, thermal properties of the container
(as we observed with the magnetic cooling), positioning of the temperature sensor,
sample geometry, coil geometry, power density and heating time [9, 32]. For example,
sample geometry may create a non-uniformity in the generated magnetic field, and as
SAR is proportional to squared field strength a small difference in field may result in a
significant difference in SAR [9]. This makes calculating the SAR values from the AC
magnetometry a more reliable and accurate method.
7.4 In vitro experiments
Note: The SEM imaging was performed jointly with M. Stanton. The TEM was
carried out by I. Rodrigo. The majority of the cytotoxicity experiments are the work
of I. Rodrigo and D. Valdés. The in vitro treatment trials were a joint effort between
all collaborators, with the statistical analysis performed by I. Rodrigo and D. Valdés.
B. Herrero de la Parte supported all of the culturing and analysis of cells.
The following in vitro studies were made on rat colorectal cancer cells, of the cell line
CC531. Colorectal, or bowel, cancer originates in the epithelial cells of the intestines
and its cause is generally attributed to old age and lifestyle factors (e.g. diet or smoking)
[4]. In 2018 it was the third most common cancer (1.80 million cases) and the second
most common cause of cancer death (862 000 deaths) [34]. Traditional treatments




To investigate the internalisation of particles by the CC531 cells, we first utilised SEM
imaging. A culture of cells that had been grown on a glass coverslip and incubated
with both MDs and PEG-IONPs was fixed with paraformaldehyde, dried and sputter
coated with Au. Figure 7.8 shows two SEM images of the same cell, one taken at a
beam voltage of 5 keV and the other at 20 keV. Due to the significantly small size of
the IONPs and the strong presence of salt crystals (originating from the cell culture
medium or PBS washing medium), it is not possible to locate the PEG-IONPs in these
images. In the 5 keV image, Figure 7.8a, it is not trivial to locate the MDs, however
the morphology of the cell surface can be seen. When the beam voltage is increased to
20 keV, as seen in 7.8b, the higher energy electrons are able to pass further through the
sample: they penetrate the Au coating and the cell membrane, revealing the locations
of the highly reflective MDs. This result indicates that the MDs have been internalised
by the cell, however TEM imaging was required to confirm this.
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(a) 5 keV (b) 20 keV
Figure 7.8: SEM images of CC531 cells that were incubated with MDs and PEG-
IONPs, taken with two different SEM beam voltages.
TEM analysis
CC531 cells were again incubated with a mixture of MDs and IONPs, and were then
explored with TEM imaging. Looking at the images shown in Figure 7.9, it is clear
that the MDs (the large, curved, black forms - zoomed in image on left) have been
internalised by this cell. This is consistent with previous studies [15, 16]. Internalisation
of MDs was observed regularly across the cell population in the TEM imaging. It is
noted that the size of MDs is quite large relative to the cell size and that their shape is
quite irregular: future work might consider a modification in their fabrication to make
them smaller and more uniform. The cell shown in Figure 7.9 has also taken up some
of the IONPs (the clusters of small, black grains - zoomed in on right). These appear to
be encased in a vesicle, but it is unclear if the MDs are too. The internalisation of the
IONPs through the cell population is not as regular as for the MDs: the IONPs were
often collected outside of the cell membranes. We speculate that there is a potential
correlation between cells that have internalised one or more MDs and the increased
frequency of IONP uptake; perhaps, what is most likely a substantial event in the
Figure 7.9: TEM images of a CC531 cell that was incubated with MDs (magnified on
left) and IONPs (magnified on right).
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engulfing of a relatively large MD, promotes or aids the uptake of IONPs. However, to
confirm this, large scale analysis across a sizeable cell population would be required,
which was beyond the scope of this work.
7.4.2 Cytotoxicity
Before any treatment experiments were performed it was important to assess whether
the presence of the particles alone had any negative effect on the viability of CC531
cells.
IONPs
The cytotoxicity of the IONPs was evaluated using a standard trypan blue assay. The
trypan blue assay is a dye exclusion method: dead cells are stained, but live cells are
not. Viable cells are very selective towards which compounds they internalise. However,
cell death results in a loss of membrane integrity, allowing the trypan blue dye to enter
and stain the cell. This technique for assessing cytotoxicity does not determine the
nature of cell death, nor does it include cells that are in the process of dying.
Cell numbers were found through image cytometry (using a NucleoCounter NC-
100). Cell viability was calculated relative to control samples, using Equation 7.4
where Nculture is the number of viable cells in a test sample and Ncontrol is the number
of viable cells in the control sample.
V iability = Nculture
Ncontrol
× 100% (7.4)
The results are displayed in Figure 7.10a. After an incubation period of 24 hrs
with a particle concentration of 0.5 mg/ml, the dex-IONP sample has a cell viability
of 91 ± 2% and the PEG-IONP sample has a cell viability of 59 ± 1% . These results
indicate that the dex-IONPs have little effect on the cells, however, the PEG-IONPs
have a significantly toxic effect. We note that previous studies have also found that
IONPs coated with mPEG molecules are much more toxic than those coated with
dextran [17].
MDs and mixtures
To further investigate particle cytotoxicity, we utilised MTT assays to assess the effects
of MDs and MD-IONP mixtures. The MTT assay is a colourmetric assay that assesses
the metabolic activity of cells, which is related to their viability. A type of cellular
oxidoreductase enzyme is capable of reducing a particular cell permeable dye to a
coloured compound - the indicator molecule. Quantification of the presence of the
indicator is made by spectrophotometry, relative to that in a control sample of cells, is
used to assess the percentage of viable cells in a test sample.
Here, the IONPs were again used at a concentration of 0.5 mg/ml and the MDs
were tested at 20 particles/cell. 24 hrs after the addition of particles, the MTT stock
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solution was added to the cell cultures and incubated for 2 hrs. The cells were then
lysed with DMSO (perforating the cell membranes) to release the indicator molecules.
Absorbance readings were taken at 540 nm with a spectrophotometer (Multiskan EX)
to quantify the presence of the indicator. From this, cell viability was calculated relative
to control samples using Equation 7.5, where Aculture is the absorbance measured from
a test sample, Acontrol is the absorbance from the control sample and Ablank is the
background absorbance measured from an empty well plate.
V iability = Aculture − Ablank
Acontrol − Ablank
× 100% (7.5)
From the results shown in Figure 7.10b we can see that the cell viabilities were 90±
7% , 79 ± 15% and 55 ± 14% for the MD, MD-dex-IONP and MD-PEG-IONP samples
respectively. This again indicates that the PEG-IONPs are significantly cytotoxic, but
that the MDs and dex-IONPs are both suitable to continue with for our in vitro testing.
We concluded that the PEG-IONPs are not good candidates for the in vitro treatment
experiments for two key reasons: firstly, it would be hard to separate out the numbers
of cancer cells killed by any treatments from those harmed by just the IONP presence;
secondly, if research progressed to any in vivo trials, there would be a concern that the
IONPs could have a toxic effect on healthy cells.
(a) IONPs (b) MDs and IONPs
Figure 7.10: Cell viability percentages for cells that have been incubated for 24 hrs
with each particle type individually (MDs, D = dex-IONPs, P = PEG-IONPs), plus
two MD-IONP mixtures. Control samples (C) contained no particles.
7.4.3 In vitro treatment trial
We carried out a preliminary in vitro treatment experiment, which started with in-
cubating the CC531 cells (5000/well in 96-well plates) with the particles, individually
and in MD-IONP mixtures, for 24 hrs to give the cells time to internalise the particles.
We used a IONP concentration of 0.5 mg/ml and 20 MDs/cell, the same as in the
cytotoxicity assays. We then carried out a series of treatments on the various sam-
ples, using two different custom-built therapy set ups, separately and in tandem. The
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magnetic hyperthermia system applied a linear AC magnetic field with a strength of
226 Oe and a frequency 301 kHz over a period of 10 mins; we will refer to this as the
high frequency, low field (HFLF) therapy. The MMD was initiated by the application
of rotating magnetic field, with a much higher strength of 10 kOe and a much lower
frequency of 20 Hz, also for 10 mins; we will refer to this as the slow rotation, high field
(SRHF) therapy. Four repeats (four wells) of each set of conditions were used, with
treatments applied to multiple wells at the same time, while ensuring field homogene-
ity. Control samples, without any particles added to the cells, were also prepared for
comparison. After a 5 hr incubation period, MTT assays were used to assess the cell
viability of the samples, using the same method as described above in the cytotoxicity
experiments. It should be noted that with the assessment of cell viability being made
after just 5 hrs, it is probable that the full cell damage will not have been accounted
for: the effects of apoptosis and reactive oxygen species triggered cell death can take
longer to emerge.
Figure 7.11 displays all of the cell viability results from the treatment trial. For
the dex-IONP only samples, as seen in Figure 7.11a, we can see that under the SRHF
treatment the IONPs have no effect on the cells. This was expected due to their very
small size and minimal anisotropy, which leads to highly inefficient torque application.
Conversely, the dex-IONPs have a much greater effect in the HFLF treatment: we
observe a reduction in cell viability of ∼ 25% for HFLF application only and ∼ 40%
for the combined treatment. We therefore see some promising results from the IONPs
in the cancer therapy, however, this reduction in cell viability is not yet good enough
for a successful treatment.
The results for the MD only samples are presented in Figure 7.11b. Here we confirm
that the MDs do not exert any hyperthermic effect on the cancer cells, with no decrease
in viability in the HFLF samples. However, the SRHF treatment application with the
MD samples does induce a decrease in cell viability. Under the current conditions, we
observe a decrease in viability of only ∼ 11% for both the SRHF only and combined
treatment samples, which is much lower than that required for a successful treatment.
We now move onto the combined particle samples, the results of which are displayed
in Figure 7.11c, where the aim was to increase the destruction of cancer cells by joining
the forces of hyperthermic and MMD effects. In all of these samples a mixture of dex-
IONPs and MDs were present and the two treatments were applied both individually
and in tandem. The HFLF only sample of this set shows a similar decrease in cell
viability, 25±6%, as was observed for the equivalent dex-IONP only sample. Likewise,
the SRHF only sample of this set shows a similar decrease in viability, 12 ± 1% , as
we found for the equivalent MD only sample. For the combined treatment samples, we
indeed see a greater decreases in cell viability of 37 ± 6% and 32 ± 3%, which doesn’t
appear to be particularly affected by the order of the treatment application. A final ob-
servation is the reduced standard deviation in the mixed particle samples (in particular
the SRHF + HFLF sample) compared with the single type samples. We hypothesize
that this could be a result of the increased IONP uptake with parallel MD internali-
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sation, as we detected in the TEM images; an increase in IONP internalisation would
induce a more consistent application of hyperthermia. Further studies are required to
demonstrate if this is a statistically significant effect.
(a) dex-IONPs (b) MDs
(c) dex-IONPs and MDs
Figure 7.11: Cell viabilities calculated after the different treatments (HFLF and
SRHF), plus controls (C).
7.5 Conclusions and future work
This project provided a preliminary study into the concept of a magnetic particle based
cancer treatment, involving the combination of magnetic hyperthermia and MMD.
Chemically synthesised IONPs, coated with two different molecules, were shown to have
promising hyperthermic properties, but no MMD effect. PM SAF MDs were fabricated
through a top-down process, which created particles that were tailored towards the
MMD application with theoretically sufficient torque production, but did not exhibit
any significant hyperthermic effects. Imaging of the particles revealed different chaining
behaviours, dependent on the functional coating of the IONPs, which led to changes
in the magnetic behaviour of the IONPs under high frequency AC fields. In vitro
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studies showed that the CC531 cancer cells were capable of internalising both types of
particle. Additionally, the MDs and dex-IONPs did not appear to exert a significant
cytotoxic effect, however, it was discovered that the PEG-IONPs were cytotoxic and
therefore unsuitable for cell treatments. An initial cancer treatment trial using the
dex-IONPs and MDs gave evidence that, under the chosen experimental parameters,
the individual treatments cause small therapeutic effects and when combined this effect
was somewhat enhanced. These results provide a proof of concept for the magnetic
combination therapy: we have proven that it is possible to combine the two different
particle-based treatments, that this combination can increase cell death from that of
the individual treatments, and that there is a possible synergistic effect originating
from the interaction between the two different particle types.
However, this is a very early study into this combined particle therapy concept.
There were significant constraints, due to the framework of the project (as set by the
IEEE Magnetics Society), which lead to the majority of the work being performed
during two weeks of allocated time in which all collaborators were present (in Cam-
bridge, then in Leioa). This allowed for the preparation and some characterisation of
the particles before this period and for post-processing of data to be made afterwards,
but there was no scope for significant preparatory or follow-up studies to be made for
the in vitro work. This leaves considerable opportunity for the continuation of research
into this concept of the ‘magnetic combination therapy’.
Future research on this project will need to begin with work on optimising the hy-
perthermia and MMD treatments individually, before returning to combined therapy
trials. This should start with increased adaptation of the particles for each of their
applications. On the side of the IONPs, this would involve two key threads: formation
and properties of the iron-oxide core, and the use and composition of the IONP coating.
Here the aims would be to promote particle internalisation, limit particle agglomera-
tion outside of applied magnetic fields and tailor the AC hysteretic response towards
an increased heating response. The outcome of these modulations should be a more
efficient and effective hyperthermic effect on cancer cells. Tailoring of the MDs for
MMD would involve editing of the magnetic sputter stack and the fabrication method,
to develop a potentially more suitable disc shape, mainly to target improvements in
the application of torque. This could include utilising the fabrication method detailed
in Section 5.2.2 to transfer from the use of MDs to nanodiscs. These adaptations would
aim to improve the killing efficiency of the MMD application.
A crucial stage in future research on this project is the optimisation of the treat-
ment application parameters for hyperthermia and MMD individually. In previous
work higher levels of cell death have been achieved, for example MMD has been show
to cause 62% damage to cancer cells with just one minute of treatment application [16],
which demonstrates scope for increasing therapeutic effect via the individual treat-
ments. The set ups used for each treatment should be satisfactory, as they had already
been designed for purpose as part of other research projects. The main variables that
should be explored, to achieve more a more therapeutic effect, are: the length of time
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that a treatment is applied, potential repetitions of such applications, and the num-
ber/concentration of particles added to the cells. As an example, in a previous study
on the use of MDs in a SRHF therapy, it was found that the use of 50 particles/cell
had a significantly larger therapeutic effect that 20 particles/cell [19]. The method of
assessing cell viability should also be considered: a technique that takes into account
both cell necrosis and apoptosis would be an ideal candidate.
Once a more effective solution has been outlined for each of the individual treat-
ments, it will be possible to return to the combined therapy testing. Due to our finding
that the killing of cancer cells by hyperthermic IONPs is more consistent in the pres-
ence of MDs, the combined therapy work should start with tests on cultures incubated
with particle mixtures, but under the implementation of one treatment system only.
This will investigate the potential synergy between the different therapies, which will
most likely originate from inter-particle interactions, since we found that the particles
do not exhibit significant effects under the fields they are not designed to work under.
Here, it may be worth exploring particle ratios and, again, time periods of treatment
application. Finally, to complete a thorough in vitro study into the combined therapy
concept, a series of trials involving the two sets of particles and the two treatment
applications should be made. Using all the previous groundwork, optimising all the
parameters involved in the hyperthermia and MMD separately, it can be hypothesised
that a significantly improved therapeutic effect could be observed. If successful, it
might be considered worthwhile to move on to in vivo testing.
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Chapter 8
Conclusions and outlook
8.1 The aims of this thesis
Magnetic particles offer a powerful tool for the remote control of specific components
and wider systems in soft matter applications. From the manipulation of cells and
sub-cellular components, to investigate their intrinsic properties or influence their be-
haviour [1, 2, 4–6, 14]; to the fabrication of magnetically actuated composites and
dynamically self assembled architectures [3, 15]; to biotechnology solutions for cell sep-
aration, microfluidic mixing and biosensing [9, 10, 13]; magnetic actuation has been
established as an important technique across the field of biology.
Perpendicularly magnetised (PM), synthetic antiferromagnetic (SAF) particles have
been demonstrated as a strong candidate for use in applications involving magnetic
actuation in soft matter systems [8, 11, 12]. They offer a selection of highly desirable
characteristics, including: strong uniaxial anistropy, a zero remanence state, variable
magnetic moment and tunable switching [12]. An investigation into PM SAF particle
behaviour in liquid, under the influence of simple uniaxial applied fields, also revealed
interesting magneto-mechanical transitions and dynamic self-assemblies [11]. These
could be exploited in a number of actuation based applications, such as soft robotics
or the organisation of biological components.
One particular application that PM SAFs particles have been shown to be successful
in, is the magneto-mechanical destruction of cancer cells. This area of research was
pioneered with a different type of planar particle, a magnetic vortex microdisc (MD)
[6], which offered an exciting development for a localised, non-pharmaceutical cancer
therapy. Since then, it has been shown that due to the uniaxial symmetry of PM
SAFs, they are capable of inducing a more effective therapeutic effect than vortex
MDs [8]. Additionally, a study into a potential combination cancer treatment revealed
a synergistic effect between the application of magneto-mechanical destruction and
radiotherapy [7]. Specifically, the gold coated SAF MDs acting as intracellular emitters
of secondary electrons, enhanced the effect of radiotherapy, on top of providing their
characteristic mechanical disruption through exertion of torque.
The goal of this thesis was to build on the innovative research that has engineered
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PM SAF particles and begun to explore how their properties and behaviour might be
exploited. We intended to put together a robust toolbox, for the design and fabrication
of flexible magnetic nanodiscs, which can be tailored for use across a suite of biological
applications. To achieve this, we studied the design of PM SAF multilayers, worked
on optimising their translation into functional nanoparticles, and implemented a range
of techniques to thoroughly characterise their magnetic and mechanical behaviours.
8.2 Design development of multilayer thin films
In Chapter 4, we highlighted the key parameters that may affect the magnetic proper-
ties of PM SAF coupled thin films. Through this discussion we aimed to demonstrate
the flexibility of the systems, and exhibit how they can be tailored towards a variety
of applications.
Initially, we studied how the different components of our multilayer heterostructures
influence their magnetic hysteresis. In particular, we focused on the variation of the
AF coupling, via the thicknesses of the Ru and Pt interlayers for coarse and fine control
respectively, showing how it is possible to produce films with a wide range of switching
fields. This ability is crucial to a plethora of applications, including magnetic sorting
and sensing. Furthermore, we demonstrated the ability to engineer films with up to ten
distinct switching fields, which could be interesting for the concept of multiplexed sort-
ing. We also showed that by stacking up repeats of our bilayer motif, we can efficiently
increase magnetic moment, without compromising our other magnetic properties. For
force and torque based applications, this simple method of tuning moment is highly
beneficial.
We then went on to explore how external parameters may affect the magnetic re-
versal of PM SAF films. The majority of this investigation focused around underlayers,
which will become a necessary addition to our deposition stack for the fabrication of
PM SAF particles, as they will enable their lift-off into solution. We established Ge as
a strong candidate for the production of robust PM SAFs, with the key components of
their magnetic hysteresis being well-conserved for potential applications. On a physics
level, we did uncover that Ge induces some interesting effects in the nucleation and
propagation of domains during magnetic transitions. In addition, by exploiting the field
sweep rate dependence of PM SAF switching, we revealed the manifestation of AP–AP
transitions in highly coupled SAFs and the potential for dynamic selective switching
in weakly coupled SAFs. Such behaviours might be of interest in applications such as
race track memory or magnetic sensing, and data storage respectively.
8.3 Optimisation and effects of particle fabrication
In Chapter 5, we presented an efficient and robust fabrication method for the produc-
tion of thin film based magnetic nanoparticles. By implementing nanosphere lithogra-
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phy with polystyrene beads we were able to achieve a range of diameters from 1 μm,
roughly the lower limit of traditional optical lithography methods, down to 100 nm.
Our choice of a spin coating application of the beads provided a simple method to
tune their spread, via the spin parameters, which led us to generate a particularly high
yield of particles. Using the beads as a direct mask during the ion milling process, we
were able to efficiently produce well-defined, planar nanoparticles. Finally, following
on from our investigation in Chapter 4, we made use of Ge as our sacrificial layer.
We were hence able to fabricate PM SAF nanodiscs with robust magnetic properties,
which could be easily lifted off into solution.
We explored how the patterning of PM SAF thin films into nanodiscs affects the
magnetic reversal of the system. Through the modification of fabrication parameters,
such as milling power and bead size, we were able to probe the causes behind hysteretic
changes, which included increased coercivity and loss of sharpness of switching. A ma-
jor contributor to this was the induction of defects in the multilayer films, through
the interaction of ions during the milling process. Additionally, the patterning of a
continuous film into nanostructures generates a spread in magnetic properties across
the particle population: magnetic reversal is driven by growth defects in the multi-
layer, which become distributed across the particle population. Nevertheless, our work
demonstrated the ability to maintain the key properties of our films during their trans-
lation into nanodiscs: namely tunable switching, a zero remanence state and low field
susceptibility.
Due to the effects of patterning, we found that variation in coupling strength and
coercivity can lead to the loss of the zero remanence state. This occurs in systems that
are coupled at the strongest AF coupling peak, but which have their switching field
reduced by a relatively thick Pt interlayer. By altering the design of the interlayer motif
and using the 2nd strongest AF peak with a thinner Pt interlayer, we put together an
alternative method for creating particles with a smaller switching field. We then found
that the patterning process had a smaller impact on the hysteresis of these nanodiscs.
Therefore, we showed that it is possible to create functional nanodiscs that are activated
in the low field regime. This is highly relevant to biotechnology applications where a
low strength magnetic field is required, such as in lab-on-chip devices.
8.4 Characterisation of in-liquid particle behaviour
Chapter 6 extended the investigation into the magneto-mechanical behaviour of PM
AF coupled particles in liquid suspensions and under the influence of uniaxial magnetic
fields. This was undertaken via a combination of macrospin simulations and experimen-
tal analysis, to examine PM AF systems with varied magnetic parameters. Through
this we developed our understanding of these systems, as both single particles and
particle suspensions. We presented these systems as attractive platforms for a range
of soft matter applications, including magnetic sorting, soft robotics and dynamic self
assembly.
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Our study began with the case of an AF system with a small imbalance in moment:
a synthetic ferrimagnetic (SFi) particle. We found that SFis with a very small imbal-
ance experience similar magneto-mechanical transitions to perfectly balanced SAFs,
leading to the same dynamic self-assemblies. However, there were some differences
in the particle configurations, driven by the imbalance: an EA field alignment in low
fields, leading to a 180° mechanical rotation through zero field; and continuous rotation
of the HP towards the field prior to saturation, rather than an perfect HP alignment.
By conducting macrospin simulations across a broader range of PM AF systems, we
showed how the degree of ferrimagnetism and the ratio of coupling to anisotropy ener-
gies can affect the ultimate SFi configuration before the point of saturation. More ex-
tensive simulations uncovered an additional, novel transition in discs with particularly
strong coupling or particularly weak anisotropy. This manifested at particularly high
fields as a spin-flop type transition, notably at a much higher coupling to anisotropy
ratio than is seen in thin film systems.
Liquid VSM, OM and reflectivity measurements were used to experimentally ex-
plore the energy landscape of PM AF particles with varied coupling strengths. We
determined that for weakly coupled particles that seemed to have lost their zero re-
manence state, the hysteretic response of the population in liquid was the result of a
superposition of those particles that did and those that did not retain an AP state
at remanence. Additionally, we found that it was possible to engineer thin films with
multiple, distinct switching fields, which were conserved during patterning and subse-
quent release into liquid. This has interesting implications in the area of multiplexed
sorting of soft matter systems.
Our innovative use of reflectivity to measure the orientation of PM AF particles
under applied fields was found to be particularly useful in the case of our 500 nm discs,
which are challenging to resolve with an OM. Moreover, we uncovered a discrepancy
between the magnetic responses of particles under the conditions of a VSM, versus
reflectivity and OM. Our work indicates that the magneto-mechanical transitions of
PM SAFs are affected by external parameters such as field sweep rate and particle
interactions.
8.5 Magnetic combination therapy
Chapter 7 summarised a project on the original concept of a ‘drug free’ cancer treat-
ment, through the combination of magnetic hyperthermia and magneto-mechanical
destruction. Despite this being a very early study, our results indicate the potential
for a synergistic effect between the two therapies. This suggests that the concept of
a combined magnetic particle treatment is worth further consideration, and could be
developed into a strong method of fighting cancer, while limiting negative side effects
to patients.
We started this project by assessing the efficacy of the individual particles: iron
oxide nanoparticles (IONPs) and the PM SAF MDs. We established that the IONPs
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had promising hyperthermic properties, but no mechanically destructive effect. We
also designed the MDs to have a sufficiently high torque for mechanical destruction,
but they did not exhibit significant hyperthermic effects. Imaging of particle mixtures,
under the application of uniaxial applied fields, revealed variation in chaining behaviour
with the type of functional coating of the IONPs. This also manifested in changes in
the magnetic hysteresis on the IONPs under high frequency AC fields.
In vitro studies, utilising SEM and TEM imaging, demonstrated that cancer cells
can internalise both types of particle. They also showed that although IONPs with
a dextran coating and MDs did not appear to induce cytotoxicity, and were therefore
suitable for therapeutic use, IONPs with a PEG coating did. A preliminary treatment
trial provided a proof of concept for the magnetic combination therapy: the individual
treatments a small therapeutic effect, which is enhanced when combined.
8.6 Outlook
This thesis provides significant development into the design and characterisation of
PM AF particles. Starting with the foundation, the PM SAF thin film, we extended
scope for flexibility in the system, for application driven magnetic properties. We
worked on optimising the translation of these films into magnetic particles, overcoming
some of the limitations of previous fabrication methods such as size and yield. We
studied the magnetic behaviour of our particles on chip and released into solution,
demonstrating the ability to fabricate functional PM AF particles. In the process of
studying the particles in liquid, we revealed some interesting and novel physics, in the
form of variable magneto-mechanical transitions and configurations. We finished by
showing the potential for PM SAF particles, in combination with iron oxide NPs, in
an original ‘drug free’ cancer treatment.
To provide a more comprehensive analysis of the PM AF coupled system, increase
our grasp on how such particles might behave in a liquid environment and learn how
best to tailor them for particular applications, there are a few areas in which further
study would be beneficial. The first area is that of our designed magnetic properties,
from the thin film to the nanodiscs. Although we have been quite thorough in ma-
nipulating our multilayers to vary the AF coupling, we have not really explored the
other key characteristic of our magnetic system: the PMA. As we have noted, this
property is crucial to the most efficient transduction of torque, which is highly desir-
able for magnetic actuation purposes. In future work, it would be worth exploring
how this could be manipulated, such as through the use of Co/Pt systems, which offer
higher interfacial anisotropy that CoFeB/Pt counterparts (as the PMA arises from the
Co-Pt interface). While we have spent time probing the switching behaviour of the
PM AF films, down to the domain level, we have not undertaken such experiments on
our particles. It would be very interesting to compare the nucleation and propagation
behaviour of magnetic reversal of the particles with the films, which could be possible
with magnetic force microscopy measurements. This would provide more insight into
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how the magnetic hysteresis is altered by the patterning process.
The second area that should be considered for additional study, is the materials
and methods of particle fabrication. On the side of materials, a lot of energy has been
put into the engineering of magnetic multilayers with desirable, tunable properties.
However, we must note the issue of toxicity when proposing the use of such materials
for applications in vivo. Unlike iron oxide NPs, which have been implemented into
clinical applications, not all of the metallic layers that we have utilised are biologically
compatible. Research into potential applications must be mindful of this. However,
there is still a wide range of biological applications that this type of particle would be
well suited to, not excluding the biomedical sector, such as in point-of-care microfluidic
devices. On the side of fabrication, although we have made significant progress in
increasing the yield of thin film based particle on the nanoscale, further efforts would be
necessary to manufacture quantities that would be relevant for commercial applications.
Having said that, our implementation of the spin coating method for generating our
lithography mask is highly amenable to industrial fabrication methods, and presents
the potential for increasing the yield (via tuning of spin parameters) without having
to look to alternatives.
The variation in magneto-mechanical behaviour of PM AF particles in liquid, with
respect to parameters such as degree of ferrimagnetism and coupling-to-anisotropy
ratio, opens up another interesting avenue of study. This has possible implications
to exciting applications such as the dynamic self assembly of complex soft matter
structures. To explore the energy landscape of our magnetic system in more detail, it
could be meaningful to introduce coercivity into our model. This could be achieved by
using a steepest descent minimisation method. This would allows us to simulate single
particle behaviour that was more representative of the reality.
In our work, we highlighted a number of external parameters to our system, which
appeared to have an effect on the behaviour of our particles. In particular, we uncovered
different exhibitions of the previously characterised magneto-mechanical transitions,
depending on whether we measured the particles via VSM or by an optical method.
We noted that the two key differences in conditions during these measurements were
field sweep rate and mechanical vibration. To better understand the mechanisms be-
hind the alterations that these conditions cause to the energy landscape, we suggest
two parallel investigations: measurement of liquid suspensions via a SQUID, to elimi-
nate sample vibration and compare directly with VSM; and a series of FSR dependence
measurements, spearheaded with the reflectivity set up. Additionally, we mentioned
the influence of interparticle interactions on magnetic reversal. A more in depth in-
vestigation into the potential fields exerted by particles, on others, in the different
chaining configurations would certainly be beneficial here.
Finally, on the subject of our novel cancer therapy concept, we previously discussed
in detail the future work that should be undertaken to develop this concept into a
more established, effective treatment option. To summarise, it is important to first
optimise the separate therapies, hyperthermia and mechanical-disruption, such that
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they are individually more efficient at killing cancer cells. Afterwards, the notion of a
synergy between the two can be explored. Here, it would be beneficial to investigate
the possible mechanisms behind this, with interparticle interactions seeming to be a
likely possibility. This could lead to the development of a combined treatment that
was more effective than the sum of its individual components.
The PM AF coupled system generates uniquely characterised particles, which ex-
hibit a range of interesting and tunable behaviours. Rather than being perfectly suited
to a singular, major application, they instead offer a selection of desirable properties
that could be tailored to and exploited by a suite of different applications across the
field of biology and beyond. In particular, the configurations and transitions demon-
strated by these particles are highly interesting to applications involving magnetic or
mechanical actuation, or dynamic self-assembly.
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Appendix A
Supplementary Figures to Chapter
4
Here we present some Figures to supplement the discussion in Section 4.3.3, in which
we investigate the presence of AP–AP transitions in strongly coupled SAF thin films.
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Figure A.1: Domain images of the thin film
Ge/Ta(2)/Pt(2)/CoFeB(0.9)/Pt(0.42)/Ru(0.9)/ Pt(0.42)/CoFeB(0.9)/Pt(2)/Ta(2)
during the P–AP, AP–AP and P–AP transitions. The scale bar is 50 μm.
